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Abstract
Spectrally encoded confocal microscopy (SECM) is a technique that facilitates the
incorporation of confocal microscopy into small, portable clinical instruments. This
would allow in vivo evaluation of cellular and sub-cellular features in a non-destructive,
minimally invasive manner. Prior studies have demonstrated the potential of the
techniques as well as highlighted the need for faster acquisition rates and higher sen-
sitivity. In this thesis, new laser sources, optical fiber arrangements and probe designs
are explored to ultimately evaluate SECM's relevance as a clinical tool.
Clinical imaging at cellular scales requires imaging rates on the order of tens of
frames per second to reduce motion artifacts from unavoidable patient movements.
Rapid SECM imaging was achieved through the development of a novel wavelength
swept laser which simultaneously provided high output power (> 10mW), narrow
linewidth (10GHz), broad wavelength tuning (80 nm centered at 1310 nm) and fast
repetition rates (up to 16,000 Hz), while being compact and environmentally stable.
Imaging with a wavelength swept SECM system was characterized by coupling the
laser to a tabletop imaging arm comprising a high density holographic grating, a
galvanometer mounted mirror and a 0.9 NA water immersion microscope objective.
Rapid SECM imaging is performed at a transverse resolution of 1.4 microns, axial
resolution of 6 microns over a field of view of 440x440 microns and allows subcellular
imaging ex vivo (excised specimens) and in vivo (human skin). A study on 40 excised
head and neck specimens showed that SECM has the potential to perform tissue
identification, but also revealed the presence of speckle noise due to the coherent
nature of the illumination and collection schemes through a single mode optical fiber.
A partially coherent system based on single mode fiber for illumination and multimode
fiber for detection was simulated, implemented and tested to find adequate balance
between attenuation of speckle noise and conservation of resolution. A coupling of 20
modes was found to reduce speckle by a factor 4.5 with a minimal sectioning penalty of
0.25, while allowing a signal increase of 8dB. This improvement in sensitivity allowed
SECM table top system to be used for investigations in developmental biology where
rapid imaging (30 frames per second) at longer wavelengths (1310 nm) is a valuable
asset.
Dual clad fibers (DCF) were previously shown to allow partially coherent en-
doscopic imaging, using the single mode core for illumination and inner clad for
multimodal collection. Commercially available DCF's which propagate thousands of
modes are ill suited for confocal endoscopes as collecting such a number of modes
would destroy the axial resolution. Based on results from the previous section and
through modal analysis, a DCF was designed, drawn - via a collaboration with Boston
University Photonics Center -, and tested for use with SECM. The prototype DCF
yielded promising results (3 fold speckle attenuation, optical sectioning degradation
of 0.85), and showed the need for implementation of better coupling mechanisms to
take advantage of increased signal collection. Finally, a portable SECM system was
built for in vivo evaluation of pediatric vocal fold. A preliminary study on porcine
and cadaveric tissue showed that SECM can distinguish between epithelium, supe-
rior and intermediate layers of the lamina propria, which could help elucidate the
development mechanism of the voice apparatus if performed in vivo. The handheld
instrument comprises a custom grating scanner imaging the scanning pivot onto the
back pupil of a high NA microscope objective. The imaging tube can easily be in-
terchanged to accommodate geometrical constraints imposed by different age groups.
The probe, currently under review by the biomedical engineering committee, revealed
cellular and sub cellular details of human skin in vivo at depth and acquisition rates
sufficient to capture blood cells flowing through capillaries.
Through major improvements in acquisition speeds, sensitivity, and speckle ap-
pearance, this work established SECM as a potent clinical and biological imaging
tool. Ultimate confirmation will be revealed through in vivo studies to come, but
limitations are likely to be of engineering nature rather than from physical consid-
erations. Future work should explore the possibility to combine SECM with other
contrast mechanisms to provide imaging with increased specificity.
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Confocal Endoscopy
1.1 Minsky's confocal scanning microscope
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Figure 1-1: Schematic of the first confocal microscope
The story of confocal microscopy began 50 years ago[62] when Marvin Minsky,
then a Junior Fellow at Harvard University, tried to figure out "how brains learn". As
for many kinds of machinery, he reasoned that if one knew how the brain cells were
connected to one another, one could attempt to do "reverse engineering" and guess
the function performed by each part of the brain. Different staining methods allowed
neurons to be imaged one at a time using regular widefield microscopy. However, to
obtain a wiring diagram, one needs to make visible all cells within a three dimensional
region. The critical obstacle here was not the brain opacity: given enough light in
lip3
some will always come out. The problem was the very scattering nature of the
brain. Unless the specimen was confined to a thin enough plane, "nothing comes out
but a meaningless blur. Too little signal compared to the noise: the problem kept
frustrating me" - wrote Minsky in his Memoir on Inventing the Confocal Scanning
Microscope[63].
Minsky reasoned that the only way to avoid all light scattered from out of focus
planes was to never allow unnecessary photons to enter in the first place. His solution
was to replace the usual condenser, which in a widefield microscope uniformly illumi-
nates the sample, with another microscope objective that only illuminates the volume
of interest. Figure 1-1 shows the schematic of a confocal microscope where two mi-
croscope objectives, one for illumination and one for detection, are used in a confocal
geometry to selectively image a thick sample one point at a time. This reduces the
amount of light in the specimen by orders of magnitude without reducing the focal
brightness. Still, some of the initially focused light will be scattered by out-of-focus
structures onto other points in the image plane. Minsky filtered these rays by placing
two conjugated pinholes at the source and detector planes to end up with an elegant
symmetrical geometry: a pinhole and an objective lens on each side of the specimen.
The pinholes provided up an extra premium because as the diffraction patterns of
both pinhole apertures are multiplied coherently, the central peak is sharpened and
the sidelobes vanish, increasing the lateral resolution, as is shown in Figure 1-2[95].
"Confocal microscopy is a good idea that was invented, forgotten and then rein-
vented again about once every decade in the years between 1957 and 1985" - ex-
plains James B. Prawley in his preface to the Handbook of Biological Confocal
Microscopy[71]. It is not until the light sources and detectors were sufficiently pow-
erful and the overall systems sufficiently user friendly that the confocal microscopy
became a widespread tool for the 3D localization of specific labels in biological spec-
imen. The fact that out-of-focus blur is essentially absent from confocal images
provides the capability for direct non-invasive serial optical sectioning of intact and
sometimes living specimens and possibly three dimensional reconstruction. Figure 1-
3 is a great example of the technical prowess of a modern confocal microscope, in
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Figure 1-2: Field distribution at the focus of a widefield (A) and confocal (B) micro-
scope
this case a multi-channel fluorescence microscope, applied to understand biological
processes.
1.2 Laser scanning confocal microscopy
The ability to perform optical sectioning, however, comes at a cost. The first problem
is sensitivity. As the confocal aperture blocks most photons emerging from the tissue,
very powerful light sources are required. In a simplistic ray tracing approach, the
photons blocked by the confocal aperture are considered "noise" and blocking them
should not affect the sensitivity. In a thick specimen, however, many "signal" photons
are scattered by the tissue on their way to the detector and end up being rejected
by the pinhole as well. Considering that the number of photons reaching the focal
plane decays exponentially with depth, a confocal system is a very inefficient imaging
technique. In Minsky's days, when lasers were not available, images took forever to
record, making the technique ill-suited for imaging dynamic biological processes. For
highly reflective samples such as silicon wafers, however, the improved lateral and
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Figure 1-3: Fluorescence confocal microscopy image of a mitotic normal rat kidney
cell. Staining was performed sequentially against Golgi (green), beta-tubulin (red),
and DNA (blue), before imaging with a Leica TCS SP2 AOBS confocal microscope.
Reproduced with permission from Michael BE MArie, Molecular Imaging Center,
University of Bergen, Norway.
axial resolutions of confocal microscopy was a welcome advantage and the instrument
was used as a profilometer[99, 100, 102].
Although lasers brought a renewed interest for confocal microscopy in the biology
community, another issue needed to be addressed to make the instrument worthwhile.
The price of single-point illumination is being able to measure only one point a time.
A confocal image is formed by sequentially imaging single points within the specimen,
by either moving the specimen or the light beam. In the first implementation, Minsky
opted for moving the specimen to preserve the very delicate alignment of the pinholes
and microscope objectives; although he recognized that it would be more elegant to
move a weightless light beam than a massive sample. Modern microscopes exploit
the latter approach using perforated discs[72], acousto-optic deflectors[88] and more
recently a combination of moving mirrors[57] and a scanning polygon[75] to deflect
the light beam in a raster pattern at the object plane.
Laser scanning confocal microscopes, combined with a wide array of commercially
available lasers, have led to an explosion of biological applications of confocal mi-
croscopy. Images of increased resolution and contrast, provided by the numerous
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dyes, markers and transgenic animal models, have accelerated the pace of knowledge
in fields such as developmental biology[33] and immunology[84], to name a few. "Op-
tical sectioning" for biologists translates into non-invasive imaging in vivo and opens
the door to longitudinal studies on the same group of animals without having to en-
roll a huge cohort to account for periodic sacrifice that was previously required for
histological analysis.
1.3 Clinical confocal microscopy
The next logical step in the development of confocal microscopy was to translate the
technology into the medical world where it could replace the cumbersome routine
of biopsy/sample preparation necessary for histological examination. Although the
penetration of a confocal microscope is currently limited to depths of less than a
millimeter, many diseases are epithelial in nature and could be diagnosed given cel-
lular visualization of the superficial layers of the involved organ. Ophthalmology and
dermatology were the first medical fields to benefit from clinical confocal microscopes
as these tissues can be accessed by relatively large laser scanning confocal instru-
mentation [76, 57]. Two main challenges have retarded the translation of confocal
microscopy for internal organs: the miniaturization of both the high numerical aper-
ture microscope objective and the fast beam scanners so that they may be contained
within the confines of a small diameter (< 1cm) endoscope or hand-held probe.
1.3.1 High numerical aperture lenses
The numerical aperture (NA) of a lens is defined as
NA = nsin6 (1.1)
where n is the index of refraction of the object medium and 0 is the half angle
of the cone of light produced by the focusing lens, as shown in Figure 1-4. The
NA is the single most important factor in confocal microscopy as it affects both
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the transverse resolution and the axial resolution or optical section thickness. The
transverse resolution of a widefield microscope - given here as the full width at half
maximum of the first peak of the Airy disk, as described by Corle and Kino[22]
- is proportional to 0.51A/NA where A is the wavelength of light. The coherent
multiplication of the diffraction patterns of the two confocal pinholes decreases the
width of the central lobe and reduces the height of the sidelobes thus increasing
the lateral resolution of a confocal microscope to 0.37A/NA. The optical sectioning,
nonexistent in widefield microscopy, varies quadratically with the numerical aperture,
where AZ3dB , the FWHM of the intensity detected as a point object is moved along
the optical axis, is given by:
0.62A 1.24nA
AZ3dB (1.2)
n(1-cos0) NA 2
Figure 1-4B shows the rapid amelioration of both lateral resolution and optical
sectioning as numerical aperture is increased. For a wavelength of 1 Pm and an index
matching fluid of index of refraction 1.5, an NA of 0.6 is required for obtaining optical
sectioning of 5 pum, in other words, to obtain virtual slices comparable with what is
used in histopathology.
The most obvious challenge in miniaturizing microscopes for confocal microscopy
is designing high NA objectives with a small diameter while preserving both useful
working distance and field view while keeping the aberrations under control. Many
groups have succeeded by tailoring the objective design to a particular application[78,
18, 56], but this challenge remains one of the main limitations in endoscopic mi-
croscopy. Other groups have chosen to bypass this high NA requirement by combin-
ing a low NA lens with either coherence gating[3] or using a dual-axis approach[94]
or both[93].
1.3.2 Rapid scanners
The other great challenge facing endoscopic confocal microscopy is the miniaturization
of mechanical mechanisms for raster scanning the beam to obtain a two-dimensional
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Figure 1-4: Numerical aperture of a lense (A) and its effect on resolution and sec-
tioning (B).
image. Current approaches include the use of a single-mode fiber, coupled with minia-
ture electromagnetic x-y scanners[28, 54], miniature piezoelectric transducer spiral
scanners[5], resonant galvanometric scanners[115], and a rotating prism associated
with a theta line scan microscope[30]. Another approach is to raster scan the proxi-
mal end of a coherent fiber bundle[35], which has been shown to provide sub-cellular
resolution images of the human cervix in vivo[87].
1.4 Spectral encoding confocal microscopy
Spectrally encoded confocal microscopy (SECM) is an alternative, single fiber-based
approach that is compatible with hand-held operation[92]. For this technique, an
optical fiber is illuminated with broadband light, which is transmitted to a diffraction
grating and objective lens at the distal end of the SECM probe. In turn, multiple foci
illuminate the specimen, resulting in a transverse line focus where each point on the
line has a distinct wavelength. After reflection from the tissue, the optical signals are
returned to the console where the spectrum is measured and converted into confocal
reflectance as a function of transverse displacement within the sample. Since the
spectral decoding can be performed at high speeds with a spectrometer outside the
surgical field, a rapid beam-scanning mechanism within the probe is not required.
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Figure 1-5: Spectrally encoded imaging
Figure 1-5 shows a schematic of a spectrally encoded imaging instrument. The key
components enabling confocal encoding are a broadband light source and a diffractive
element. While rigorous description of the resolution and field of view of SECM
are given in the introduction to Chapter 3, a few introductory points are worth
making here. It is easily seen from Figure 1-5 that the field of view of a spectrally
encoded system is proportional to both the laser bandwidth and the grating diffracting
power, or groove density. Previous demonstrations of SECM have been obtained
in vitro with a bandwidth of AA = 75nm around Ao = 940nm and in situ with
AA = 65nm, around AO = 1310nm. While intuitively sources with much higher
bandwidth could be used, the upper limit is dictated by the optical properties of
the biological tissue imaged. As different wavelengths are used for encoding position
rather than for spectroscopic purposes, an SECM system should use a relatively small
bandwidth such that the variations of optical properties remain small over the field
of view. This translates into a condition of quasi-monochromaticity - expressed as
AA/Ao << 1, which is easier to attain at longer wavelengths. The use of longer
wavelengths also offers the advantage of diminished scattering, allowing for greater
penetration. The limitation in bandwidth imposes a stronger requirement on the
grating's groove density. Modern transmission gratings achieve groove density of
thousands of lines per millimeters, providing a strong angular field of view but also a
large number of resolvable points. This is an important feature of spectrally encoded
imaging which, provided adequate finesse in the detection arm, can achieve up to
1000 resolvable points per line from a single fiber instrument, which advantageously
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compares with the 175 points of a 1mm, 30, 000 element fiber bundle. The continuous
virtual scan of a spectrally encoded system yields images that are free of the pixilation
artifacts which are commonly found in fiber bundle based systems. This continuous
sampling with a series of individually focused points each encoded at a different
wavelength allows diffraction limited confocal microscopy imaging.
1.4.1 Spectral detection
Spectra collected by an SECM probe can be analyzed in different ways at the console.
The most straightforward way is to use a spectrometer that disperses the reflected
light returning from the fiber onto a detector array. Each illumination point on
the tissue could be mapped at a very high resolution onto a single element on the
detector array, allowing SECM signal to be decoded without moving parts. This
technique however is limited by the quality of the detector arrays available at the
chosen wavelengths and for near infrared wavelengths, these instruments were not
available at the start of this project. An alternative is to use heterodyne Fourier-
transform spectroscopy, which is implemented by placing the SECM probe at one
end of a Michelson interferometer and by inserting a linearly translating mirror into
the reference arm. The spectrum is decoded by taking the Fourier transform of the
measured cross-correlation output from the interferometer. While this technique has
the advantage of using a single detector and has the potential of reaching very high
signal to noise ratios through heterodyne detection, the acquisition speed is limited
by the speed and linearity of the moving reference arm.
1.4.2 Wavelength-swept SECM
An alternative approach consists in utilizing a wavelength-swept source and a single-
element photodetector. For wavelength-swept SECM, when light with a rapidly
changing wavelength is transmitted through the distal diffraction grating and ob-
jective lens, the spot is rapidly scanned across the sample, thereby illuminating one
point at a time. This point-by-point illumination removes the need for spectral detec-
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tion of the remitted signal, since the signal as a function of time represents the signal
as a function of wavelength and therefore transverse location within the sample. As
a result, the confocal signal can be rapidly detected using a single photodiode. While
this approach makes the detection significantly simpler, the wavelength-swept source
must be carefully designed to provide the appropriate spectral resolution, tuning
speed, center wavelength, and bandwidth.
1.5 Scope of the thesis
The aim of this thesis is to determine if spectral encoding is a viable alternative to
perform cellular and sub-cellular imaging in vivo via a handheld instrument. It was
proposed by Tearney et al[92] and then verified by Pitris et al[73] that spectrally en-
coded confocal microscopy was compatible with handheld operation. Miniaturization
isn't, however, the end of the story. To become a clinically worthwhile instrument,
its image acquisition rate, sensitivity and contrast must be dramatically increased.
The following chapters are an account of developments made towards a clinical spec-
trally encoded confocal endoscope. In Chapter 2, novel wavelength-swept lasers are
presented to enable rapid wavelength-swept SECM. The design of a tabletop SECM
system is presented in Chapter 3 and its potential capability as an intraoperative tis-
sue identification tool is studied in Chapter 4. Upon comparison with laser scanning
confocal microscopes, it was found that SECM suffers from speckle noise, which was
fully characterized in Chapter 5. Partial removal of speckle noise using multi-mode
detection allowed the SECM system to be used as a tool for biological investigations,
results of which are presented in Chapter 6. Chapter 7 presents a novel optical fiber,
which allows speckle reduction techniques to be translated from the benchtop system
to a clinical endoscope. The design of an SECM instrument for evaluation of pediatric
vocal fold development is presented in Chapter 8 representing the translation of this
technology to clinical application.
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Chapter 2
Wavelength-swept laser
Prior to 2003, many approaches had been investigated to provide narrow linewidth
wavelength-swept lasers[16, 36] using intracavity[113, 103] or extra-cavity[43, 19] tun-
ing elements. However, none of these lasers had been designed to specifically address
the requirements of biomedical imaging and either suffered from narrow scanning
ranges[114], low repetition rates[117], large instantaneous linewitdth[89] or a combi-
nation of these. This chapter 1 relates the steps toward the development of a rapid
wavelength-swept laser that allowed spectrally encoded confocal microscopy to be
performed at frame rates orders of magnitude faster than previously accessible.
'Adapted from:
SH Yun, C Boudoux, MC Pierce, JF de Boer, GJ Tearney and BE Bouma. Extended-cavity
semiconductor wavelength-swept laser for biomedical imaging. IEEE Photonics Technology
Letters (2004) 6:293-295
and from
SH Yun, C Boudoux, GJ Tearney and BE Bouma. High-speed wavelength-swept semiconductor
laser with a polygon-scanner-based wavelength filter. Optics Letters (2003) 28:1981-1983
2.1 Wavelength-swept lasers for biomedical appli-
cations
Appropriate laser sources for SECM are required to provide a narrow instantaneous
linewidth to preserve spatial resolution, high repetition rate for fast imaging rates,
and linear wavelength scans over a broad spectrum to maintain a large field of view.
Other constraints include sufficient output power and background suppression ratio
to allow detection of weak backreflections from within biological tissue and a laser
output in the near infrared spectrum to increase penetration depth. This chapter
presents two designs of extended-cavity semiconductor wavelength-swept lasers that
have many attractive features for biomedical imaging. The novelty of these lasers
lies in that they simultaneously provide high power (10mW) polarized light, narrow
linewidth (10 GHz), broad wavelength tuning (100 nm centered at 1310 nm), and fast
repetition rates (up to 16,000 Hz) and yet are compact and environmentally stable.
2.2 First generation: The galvanometer approach
Figure 2-1 shows the configuration of the laser[1 12]. The semiconductor optical ampli-
fier (SOA, Philips CQF882/e) provided a high small-signal gain and a broad spectrum
around 1310 nm. Wavelength tuning was achieved by using a diffraction grating and a
rotating-mirror mounted on a fast galvanometer in the extended-cavity configuration.
The double-pass Littman grating filter was configured to have a filtering bandwidth
of 0.12 nm (21 GHz) at 1310 nm. The peak transmission (reflectivity) of the filter
was approximately 6.5 dB, independent of the tuning speed and direction, in the
1200-1400 nm wavelength range. The tuning range and repetition rate are controlled
by the voltage and frequency of the drive signal to the linear-servo galvanometer. The
galvanometer (Cambridge Technologies, MA) could be operated up to 500 Hz with
sufficient angular deflection for 100 nm wavelength tuning.
A ring-cavity geometry with an optical circulator for unidirectional operation
was chosen to optimize output coupling and reject amplified spontaneous emission
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Figure 2-1: Schematic of the galvanometer based tunable laser
from the SOA. Due to polarization sensitivity of the grating filter and the SOA gain
medium, two polarization controllers were placed in the cavity to align the polar-
ization state to the axes of maximum transmission and gain. The laser output was
obtained through a 90% fused coupler after the filter. The longitudinal-mode spacing
was 27 MHz, corresponding to a total cavity length of 3.8 m. The lasing threshold
current for the SOA was 60 mA. All the experimental results presented here were
obtained at an injection current of 480 mA. In order to understand the fundamental
properties of the laser, performance was first investigated while maintaining the fil-
ter at a fixed wavelength. The laser produced polarized, single-transverse mode, cw
output with a linewidth of 0.06 nm (10 GHz). The linewidth was calculated from the
coherence length of the output which was measured using a variable-delay Michel-
son interferometer. The laser spectrum consisted of several hundreds of longitudinal
modes. The multiple mode oscillation resulted in peaks in the electrical spectrum of
the photodetector signal, with magnitude of -65 dB/Hz at harmonics frequencies of
27 MHz. In between the peaks, the relative intensity noise (RIN) level was less than
-127 dB/Hz.
The optical spectrum analyzer we used had a power dynamic range of only 60 dB,
not enough to measure the spontaneous emission noise level accurately. Therefore,
we measured the spectrum of the laser light entering the filter by placing a 10% tap
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Figure 2-2: Peak-hold output spectrum (a) and time-domain laser output trace (b)
when the galvanometer is driven at 200 Hz.
coupler immediately before the filter. The measured spectrum was multiplied by the
measured filter profile to estimate the output spectrum. The spontaneous emission
noise level relative to the peak of the laser spectrum was about -80 dB. Such high
extinction is highly desirable in optical imaging applications where the total noise
power, integrated over the entire spectrum, should be substantially smaller than the
total signal power within the narrowband spectrum.
Figure 2-2(a) depicts the typical output spectrum measured in peak-hold mode
of the optical spectrum analyzer, when the galvanometer was driven by a triangu-
lar waveform at 200 Hz. Because of the polarization sensitivity of the intracavity
components and the birefringence in the fiber, the cavity exhibited weak wavelength-
dependent loss. This effect could be used to tailor the overall shape of the spectrum
in Figure 2-2(a); by altering the settings of the polarization controllers, the shape
could be made more Gaussian or more nearly flat. This shaping, however, also influ-
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Figure 2-3: Peak output power measured as a function of the scan speed.
enced overall power output. Figure 2-2(b) shows the laser output in the time domain.
The upper trace is the galvanometer position-sensor voltage, which was proportional
to the negative of the filter wavelength. In this case, the wavelength was scanned
alternately in positive (decreasing galvanometer voltage) and negative (increasing
galvanometer voltage) linear wavelength sweeps. The lower trace of Figure 2-2(b)
represents the laser output power while scanning. A two-fold increased power was
observed during positive sweeps relative to negative sweeps. This asymmetry was
attributed to the self-frequency shift of the intracavity laser light in the SOA gain
medium. At tuning speeds of several hundred of nm/ms, a round-trip frequency shift
(4GHz) was measured by comparing the output spectrum of the laser and the filter
profile. When the filter profile was scanned in the same direction as the frequency
shift, the spectral offset of the laser spectrum from the center of the filter was reduced,
resulting in lower loss in the filter and increased output power. Bilenca et al[7] later
confirmed through numerical simulations that this spectral effect was caused by the
SOA nonlinearities, primarily carrier-induced refractive index changes[2], responsible
for self-phase modulation and asymmetric four-wave mixing among different spectral
components of the broadband field. This extended-cavity wavelength-swept semicon-
ductor laser was the first one optimized for application to biomedical imaging. The
laser produced < 4mW average output power with an 80 dB amplified spontaneous
emission suppression ratio and an instantaneous linewidth of < 0.06nm, and could
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Figure 2-4: Schematic of the high-speed polygon-based wavelength-scanning filter.F1
and F2: focal lengths of lenses 1 and 2, respectively, A: wavelength
be tuned over a wavelength range of 100 nm at a repetition rate of 500 Hz. Although
the sweep in the positive direction provided sufficient output power, the asymmetry
in the laser performance limited the scan speed to one-half of the maximum scanning
rate of the galvanometer. A unidirectional scanning approach would not only provide
uniform sweeps, but could take advantage of a slight increase in output power while
scanning in the same direction as the nonlinear frequency shift of the SOA Figure 2-3.
2.3 Second generation: The polygon approach
The enabling component for unidirectional, high-speed tuning was a novel wavelength-
scanning filter based on a polygon scanner and diffraction grating[111]. This section
describes the design principle of the filter and presents experimental results on the
filter and the laser. Figure 2-4 shows the schematic of the wavelength filter. The
reflection-type filter comprises a diffraction grating, an afocal telescope, and a polygon
scanner. The telescope is made of two lenses in an infinite-conjugates configuration
with the grating at the front focal plane of the first lens (lens 1) and the polygon
spin axis at the back focal plane of the second lens (lens 2). The telescope serves
two distinct roles: it converts diverging angular dispersion from the grating into
converging angular dispersion after the second lens; and it reduces the imaged beam
size at the polygon mirror. As is illustrated in Figure 2-4, the polygon reflects back
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only the spectral component within a narrow resolution band as a function of the
angle of the front mirror facet of the polygon. The reflected component is dispersed
again upon the second diffraction at the grating and is received by the optical fiber.
The orientation of the beam incidence angle and the rotation direction of the polygon
mirror determine the direction of wavelength tuning. The arrangement in Figure 2-4
produces a positive (increasing wavelength) sweep.
Consider a Gaussian beam with a broad optical spectrum incident to the grating
from the fiber collimator. The grating equation[44] is expressed as A = p (sin a + sin #)
where A is the optical wavelength, p is the grating pitch, and a and # are the incident
and diffracted angles of the beam with respect to the normal axis of the grating,
respectively. The center wavelength of the tuning range of the filter is given by
A0 = p (sin a + sin /0) where #0 is the angle between the optical axis of the telescope
and the grating normal. It can be shown that the FWHM bandwidth of the filter is
given by
SAFWHM/Ao = A (p/m) cos a/W (2.1)
where A = V/4In2/7r for a double pass, n is the diffraction order and W is the
1/e2 width of the Gaussian beam at the fiber-optic collimator. The tuning range of
the filter is fundamentally limited by the finite numerical aperture of lens 1. The
acceptance angle of lens 1 is given by:
A# = (D1 - Wcos /o/cos a)/F (2.2)
where D1 and F are the diameter and focal length of lens 1, respectively. From the
acceptance angle, the filter tuning range is given by:
AA = p cos #0A/3 (2.3)
A spectral component after propagating through lens 1 and lens 2 will have a beam
propagation axis at an angle 3' with respect to the optical axis:
0 ' = - (0 - #0) (F1/F2) (2.4)
where the minus sign indicates that the diverging angular dispersion is transformed
to converging dispersion. The polygon has a facet-to-facet polar angle given by 9 =
27r/N ~ L/R where N is the number of facets, L is the facet width, and R is the
radius of the polygon. If the angular range of the spectrum incident on the polygon
is greater than the facet angle, i.e. :
AO' = A# (F1 /F 2) > 6 (2.5)
the polygon mirror could retro-reflect more than one spectral component at a given
time. The spacing of these spectral components, or the free spectral range, can be
shown to be:
(A A)FSR = p cos Oo (F2/F 1 ) 9 (2.6)
The duty cycle of laser tuning under the influence of the filter can be 100% if two
necessary conditions are met:
(F2 - S) +W' < 2L (2.7)
(F2 - S)9 -- W' > 0 (2.8)
where W' = W (cos //cos a) (F2/F1 ) is the beam size at the polygon mirror, and
S is the distance between lens 2 and the front mirror of the polygon. The rela-
tions are derived from the condition that all the beams within the free spectral range
should fall within a mirror facet without clipping. It follows from the relations that
W' < L. In this first implementation optical components with the following parame-
ters were selected: W = 2.4mrn, p = 1/1200mm, a = 1.2rad, 0 = 0.71rad, m = 1,
D1 = D2 = 25mm, F1 = 100mm, F2 = 45mm, N = 24, R = 25mm, S = 20mm,
9 = 0.26rad, A = 1320nmtri. With these parameters, the theoretical FWHM band-
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Figure 2-5: Throughput (reflected) spectra when the filter was (a) spinning and (b)
fixed.
width, tuning range and free spectral range of the filter are: (AA)FWHM = 0.11nm,
AA = 126nm and (AA)FSR = 74nm. The two conditions for 100% duty cycle were
satisfied with margins. Figure 2-5 shows the measured characteristics of the filter.
The efficiency of the filter, shown in (a), was measured using spontaneous emission
light from a semiconductor optical amplifier (SOA) and an optical spectrum analyzer
in peak-hold mode while the polygon mirror was spinning at its maximum 39,325
revolutions per minute, producing a sweep repetition rate of 15.73kHz with N = 24.
The measured tuning range was 90nm which is substantially smaller than the theo-
retical value of 126nm. We attribute this discrepancy to aberration in the telescope,
primarily in field curvature which can be improved by using optimized lenses. Fig-
ure 2-5(b) shows the throughput spectrum when the polygon mirror was static at
a particular position. The free spectral range was 73.5nm in agreement with the
theoretical calculation. The FWHM bandwidth was measured to be about 0.12nm,
a little higher than the predicted 0.09nm, over the 90-nm range except for near the
edges where the aberration broadened the bandwidth. The polygon-based filter was
incorporated into an extended-cavity semiconductor laser via a Faraday circulator,
as shown in Figure 2-6. The gain medium was the same as for the galvanometer-
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Figure 2-6: Schematic of the polygon-based wavelength-swept laser
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Figure 2-7: Time-averaged output spectrum (a) and oscilloscope trace (b) of the laser
output.
based filter and the laser output was obtained through the 90% port of a fiber-optic
fused coupler. To generate a synchronization signal, 10% of the laser output was
directed to a photodetector through a variable wavelength filter having a bandwidth
of 0.12nm. The detector signal generates short pulses when the output wavelength
of the laser is swept through the narrow transmission band of the fixed-wavelength
filter. Figure 2-7(a) shows the output spectrum of the laser measured using an optical
spectrum analyzer in peak-hold mode. The edge-to-edge sweep range was 73 nm wide
(1282 nm to 1355 nm) matching the free-spectral range of the filter. The Gaussian-
like profile of the measured spectrum was mainly due to the polarization-dependent
cavity loss caused by polarization sensitivity of the filter and the birefringence in the
cavity. It was necessary to adjust the intracavity polarization to obtain the maxi-
mum sweep range and output power. Figure 2-7(b) shows the laser output in the time
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domain. The upper trace is the sync signal obtained through the fixed-wavelength
filter. The amplitude of power variation from facet to facet was less than 3.5%. The
instantaneous linewidth was determined to be < 0.1nm from the measurement of
coherence length of the output using a variable-delay Michelson interferometer. The
spontaneous emission noise level relative to the peak of the laser spectrum was about
80dB which was measured while the polygon mirror was fixed. The combined action
of the frequency shift and positive tuning allows higher output of 9mW (peak) and
6mW (average) to be obtained and enables the laser to be operated at higher tuning
speed of 15.7kHz.
2.4 Future generations
The polygon-based tuning source presented in this chapter translates into video rate
SECM image acquisitions, which would represent two orders of magnitude improve-
ment in acquisition speed. Since then, improvements to the components and design of
the laser have led to repetition rates as high as 115 kHz[68]. Other wavelength-swept
sources have also been demonstrated using Fabry-Perot tunable filters[20], the fastest
to date achieving tuning rates up to 290 kHz[47] over 105 nm. Given proper detection
bandwidth, this would allow SECM imaging to be performed at 560 full frames of
512x512 pixels per seconds. As will be discussed in the next chapter, the limitation in
speed at this point comes from the detectors. While silicon detectors have achieved
high gain bandwidth factors, their detection sensitivity falls dramatically for near
infrared photons. Until the day where reliable indium gallium arsenide (InGaAs)
avalanche photodiodes exist, acquisition speeds will be limited to video rate.
WAVELENGTH-SWEPT LASER
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Chapter 3
Rapid wavelength-swept SECM
The wavelength-swept laser presented in the previous chapter has the potential to pro-
vide SECM images with much faster acquisition rates while preserving, or possibly
improving detection sensitivity. This chapter ' presents a high-speed SECM benchtop
system that was built in order to test SECM imaging with a novel approach; one that
utilizes a high-speed wavelength-swept laser and a single-element photodetector. For
wavelength-swept SECM, when light with a rapidly changing wavelength is trans-
mitted through the distal diffraction grating and objective lens, the spot is rapidly
scanned across the sample, thereby illuminating one point at a time. This point-
by-point illumination removes the need for spectral detection of the remitted signal,
since the signal as a function of time represents the signal as a function of wavelength
and therefore transverse location within the sample. As a result, the confocal signal
can be rapidly detected using a single photodiode.
3.1 Bench top SECM system
Light from the swept laser source was coupled into the imaging part of the system
through a fiber-optic coupler (Figure 3-1) that directed 90% of the light toward the
'Adapted from:
C Boudoux, SH Yun, WY Oh, MW White, NV Iftimia, M Shishkov, BE Bouma and GJ
Tearney. Rapid wavelength-swept spectrally encoded confocal microscopy. Optics Express
(2005) 13:8214-8221
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Figure 3-1: Wavelength-swept SECM system schematic. SOA: semiconductor optical
amplifier, Gr: grating, C: circulator, M: mirror, D: detector, 10/90: fiber coupler.
imaging probe and 10% to a synchronization circuit. Synchronous detection of the
image signal was achieved through a wavelength filter comprising a diffraction grating
and static mirror. For a given wavelength marking the beginning of a line, light
transmitted by the filter was converted to a TTL pulse that triggered the acquisition
of an image line by the digitizer. The imaging arm used to test the use of the
tuning source for SECM is described in Figure 3-2. Light from a single-mode fiber
was collimated onto a galvanometer-mounted mirror by a near infrared achromat
(f=11mm) and relayed to a high groove density (1110 grooves/mm) transmission
holographic diffraction grating (Wasatch Photonics, Walnut Creek, CA) operated
at Littrow's angle (9 L = 47.1deg for A0 = 1.32pm) in order to maximize the first
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Figure 3-2: Details of the imaging arm.
grating, NA: numerical aperture.
M: mirror, L: lens, f: focal length, Gr:
order diffraction efficiency. A 30x water immersion, 0.9 NA objective lens focused
the light into the sample and collected the remitted light. A 4:1 telescope was used
to increase the beam diameter to 8.22 mm (1/e2 beam diameter) in order to fill the
back aperture of the objective and to increase the resolving power of the grating. The
telescope imaged the scanning mirror pivot point onto the back pupil of the objective
for uniform illumination of the field of view. Light reflected by the sample was sent
through a circulator to an InGaAs photodiode and sampled by a high bandwidth
digitizer. Computer processing was used to display images in real-time on a monitor.
Polarization controllers were used both in the imaging arm and in the synchronization
arm to maximize the diffraction efficiency of the gratings.
L L2
Gr d
0.9
NA
Sample
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3.2 Resolution
The lateral resolution of a spectrally encoded confocal microscope is governed by
three factors:
1. the focal spot size produced by the objective
2. the instantaneous line-width of the laser
3. the resolving power of the grating in the imaging arm
Firstly, the Rayleigh criterion for a confocal system is given by 0.56A/NA[22], thus for
a wavelength of 1.32 microns and a 0.9 NA objective, a system would have a theoretical
resolution of 0.82 microns. Secondly, the spectral resolution of SECM may be given
in terms of resolvable points. For a laser with an instantaneous linewidth of 0.1 nm
and a bandwidth of 70 nm, the system can resolve a maximum of 700 points. Finally,
the resolving power of the grating in the imaging arm is given by R = A/6A[44] and
it can be shown that:
A _mD
R (3.1)6A A'
where 6A is the spectral resolution of the grating in the probe, m is the order of diffrac-
tion, D is the diameter of the beam onto the grating and A is the period of the grating.
For a grating of 1110 grooves/mm and a beam diameter of 8.2/cos(9 L) = 12.1mm,
the grating spectral resolution in the first order at AO = 1.32pxm would be 0.099 nm,
yielding approximately 710 resolvable points. The resolution of the system is therefore
limited by the optical resolution as long as the field of view is less than approximately
700*0.82 m = 575 m. Along the wavelength axis, the field of view of SECM is given
by[15]:
FOV = 2f tan( ) (3.2)2
where f is the effective focal length of the objective lens and AO is the deviation
from Littrow's angle due to the bandwidth of the source and obtained from taking
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the derivative of the grating equation:
AO = mI AX. (3.3)
cos6 - A
Replacing cos (9) by cos (6L) , which is a valid approximation for small deviations,
one obtains AO = 6.5deg, yielding a theoretical FOV of 590pm.
3.3 Results
Figure 3-3 shows an image of a 1951 US Air Force (USAF) resolution chart obtained
using the high-speed SECM system. Background noise arising from unwanted backre-
flections was subtracted in real-time and no averaging was performed. The repetition
rate of the source would have allowed the acquisition of 15,700 lines/seconds, which
would enable video rate acquisition of 500x500 pixel images, however the photodi-
ode amplifier used in this first demonstration did not have sufficient gain-bandwidth
product to support such a rate. As a result, the detector's bandwidth of 1 MHz
limited the acquisition speed to 8 images per second (500 x 500 pixels). The FOV
was 440 microns (wavelength encoded axis, y-axis) x 400 microns (slow axis, x-axis).
The discrepancy between the FOV in the wavelength encoded axis and the theoreti-
cal value resulted from the duty cycle imposed by imperfect line triggering and from
beam clipping at the edge of the field of view. The smallest bars of the USAF chart,
with a spacing of 2.2 microns, were clearly resolved. The lateral resolution of SECM
was more precisely measured by scanning an edge at the focus. The 10%-90% edge
response was measured to be 1.4 p4m, which is 1.7x larger than the theoretical value.
The optical sectioning was measured by translating a mirror axially through the focus
and measuring the FWHM of the detected light intensity. The obtained value of 6pm
is also substantially larger than the diffraction limit expressed as [19]:
0.9nA/ (NA) 2 = 1.96pm (3.4)
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Figure 3-3: SECM image of a USAF resolution target.
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where n is the index of refraction of the immersion medium. Since the objective lens
was not designed for use at a wavelength of 1.3pm, we attribute these discrepancies
between measured and theoretical resolutions to aberrations. Figure 3-4 compares
an image of skeletal muscle obtained ex vivo with our SECM system with an H&E
histology section. Imaging was performed at 8 fps using a freshly-excised surgical
specimen, which was immediately placed in a solution of phosphate-buffered saline
(PBS) to preserve tissue hydration. Imaging was performed through a 0.17 mm cover
slip using water-based gel (Aquasonic 100, Parker Laboratories, Fairfield, N.J.) as
the immersion medium (n ~ 1.33[75]). In both SECM images (a and b), the large
muscle fibers are well delineated. In (a), a weak solution of acetic acid was applied to
enhance the nucleic contrast[21]. Nuclei appear as bright elongated structures in the
periphery of the muscle fibers (solid arrows), which is consistent with the H&E stained
histological appearance of muscle fibers and nuclei (c). SECM resolves muscular
striations [rectangle in (b)] as evidenced by the enlarged portion of the SECM image
(d). The striations are comparable to those seen in the histology section [rectangle in
(c)], enlarged in (e) for better visualization. Figure 3-5 shows individual frames taken
from an SECM movie of human skin acquired in vivo while the imaging depth was
progressively increased (0-350 m). Imaging was performed through a coverslip using
water between the hand and ultrasound gel between the coverslip and the objective
lens. No acetic acid was used. A vertical stage moved the hand up through the focus.
The movie was acquired without any special mechanism to hold the subject's hand in
the field of view. At the start of the movie, large cells of the stratum corneum are seen.
As the sectioning depth increases, smaller cells belonging to the stratum granulosum
and then the stratum spinosum can be seen. Dermal papillae emerge at the deepest
sections, demonstrating the capability of SECM to enable complete penetration of the
epidermis into the dermal-epidermal junction. Large fibers, possibly collagen bundles
of the superficial dermis, are seen before the contrast vanishes.
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Figure 3-4: Skeletal muscle sample imaged with SECM (a,b,d) and histopathology
(c,e). Enlargements of (b) and (c) reveal muscular striations. Arros show peripheral
nuclei. Scale bar: 100 microns.
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Figure 3-5: In vivo SECM imaging of human skin. Images (A-F) show a progression in
depth from the stratum corneum (A) through the epidermis (B-D) into the superficial
dermis (E-F). The contour of individual cells of the stratum granulosum are seen to
become progressively smaller (B through D) until the dermal junction where collagen
bundles can be observed (E anf F).
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3.4 Conclusion
In conclusion, we have developed a new scheme for SECM at acquisition rates that are
orders of magnitude higher that previously demonstrated, while improving the overall
image quality. Images were free of motion artifact and were visualized at high speed
without the need for a posteriori image processing. Structures on the micron size-
scale were observed in vitro and in vivo at depths up to 350 microns. While acetic acid
was applied to enhance nuclear contrast, delineation of cellular features was possible,
without the need for additional exogenous agents. The recent availability of avalanche
photodiodes using indium gallium arsenide will allow superior acquisition bandwidth
to take full advantage of the wavelength-swept source. Although the acquisition rates
are sufficient to study specimens in a controlled laboratory environment, video rate
will prove useful when SECM will be used in the clinical setting.
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Intraoperative parathyroid
identification
This chapter1 presents the results from a pilot study performed on ex vivo specimen
to evaluate the possibility to use a rapid wavelength-swept SECM system to perform
intraoperative identification of the parathyroid glands.
4.1 The parathyroid glands
The parathyroid glands are small endocrine glands, usually located behind the thyroid
gland - a butterfly shaped gland that sits on the tracheal cartilage - as seen in Figure 4-
1. The four to eight parathyroid glands produce the parathyroid hormone which acts
to regulate calcium homeostasis. Being very small structures, which are sometimes
embedded within the thyroid itself, they were the last major organ to be recognized
in humans[31].
The identification of the glands during surgical neck exploration for the treatment
of thyroid and parathyroid pathologies is complicated by their varying number and
anatomic location from patient to patient and by the fact that upon gross inspection,
'Adapted from
C Boudoux, MW White, BE Bouma, GW Randolph and GJ Tearney. Spectrally encoded
confocal microscopy for head neck tissue identification. Manuscript in preparation
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Figure 4-1: Schematic of the parathyroid glands (A). The four glands can also be
found at ectopic locations (B). Reproduced from http: //training.seer.cancer.gov/
the glands resemble other similar structures also present within the operating field
such as thyroid nodules, lymph nodes, adipose accumulation and connective tissue
such as scar tissue from previous interventions. Complications resulting from inadver-
tent removal or damage to the gland have been observed in up to one-third of patients
undergoing total thyroidectomy and long-standing hypocalcemia is a frequent severe
complication [52]. To reduce morbidity associated with head and neck surgeries, tis-
sue identification now is performed via histologic examination using frozen section
preparation and subsequent observation under light microscope.
4.2 Intraoperative identification
Frozen-section analysis - or cryosections - allows for a preparation of the sample that
is much more rapid than traditional histology (tens of minutes versus tens of hours)
and has been documented to have high accuracy rates[34]. However, slides obtained
from cryosection suffer from artifacts and are much harder to interpret than paraffin-
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Figure 4-2: Photograph of a typical thyroid and parathyroid surgical field. Image
courtesy of Dr W. Matthew White.
embedded permanent sections[81]. Although faster, the process is not instantaneous
because of tissue processing involved, the difficulty in obtaining an adequate section
and the possible need for obtaining additional specimen. These delays can contribute
to increased operating time and costs and could potentially put the patient at risk
for additional morbidity. In addition, the process is invasive and ironically requires
the sampling of the organ that the surgeon is trying to preserve in the first place.
Recently, White et al[97] identified reflectance confocal microscopy as a potential tool
for intraoperative consultation. The system used in the study allowed visualization
of cytologic features of head and neck specimens without preparation, but was not
readily transferable to the operating room due to the size of the instrumentation. The
surgical field for thyroid and parathyroid interventions, shown in Figure 4-2, could
easily accommodate an SECM handheld probe.
Intraoperative spectrally encoded confocal microscopy (SECM) may provide a
more time-efficient alternative to frozen sections, thereby reducing the cost and mor-
bidity of these procedures. To provide a preliminary assessment of the ability of SECM
to distinguish between different head and neck tissue types, we have conducted a pilot
study comparing SECM images of surgical specimens to corresponding histology. The
pilot study was exploratory and was intended to identify potential criteria for tissue
identification. A total of 40 head and neck surgical specimens were imaged within
two hours of excision. Specimens were bisected and immersed in phosphate buffered
saline (PBS) to preserve tissue osmolarity and cellular integrity. Prior to imaging, an
India ink dot was placed near the intended imaging site and a coverslip was placed
over the specimens. SECM images were acquired en face from the cut surface aspect,
at the location marked by ink. Images were obtained sequentially at multiple depths
within the sample, ranging from 0 - 350 m. Following imaging, histological sections
were taken at a depth of 100 microns in the same en face orientation and stained
with Hematoxylin and Eosin (H&E).
4.3 SECM Imaging
Characteristic histological features of various tissue types were discernable with SECM
and correlated with permanent sections. Results are presented here for each tissue
type imaged.
4.3.1 Adipose tissue
Adipose is ubiquitous throughout the head and neck region and sometimes can be
difficult for the surgeon to distinguish from other tissues by gross inspection alone.
Figure 4-3(A) shows an SECM image of adipocytes demonstrating polygonal cells
with discrete cell membranes and a highly reflecting heterogeneous lipid droplet within
the cytoplasm. The appearance of the cytoplasm is quite different from that of the
corresponding histologic section ( 4-3(B)), where the interior of adipocytes is clear
due to triglyceride dissolution caused by the fixation process. The relatively high
intracellular SECM signal may be explained by a large index mismatch between the
lipid content of the adipocytes (n=1.47[91]) and the cytoplasm (n=1.35[91]) and
extracellular fluid (n=1.34[91]). For some cells, small areas immediately adjacent to
the cell membrane appear to have a higher SECM signal than the remainder of the
membrane. These bright foci may represent adipocyte nuclei or geometrical variations
in reflectance.
INTRAOPERATIVE PARATHYROID IDENTIFICATIONChapter 4
4.3. SECM IMAGING
Figure 4-3: Adipose tissue. While SECM (A) provides imaging of the large polygonal
adipocytes, hystology sections (B) only show the contour of the cells as the lipids are
dissolved during the fixation process. Scale bar: 100 microns
4.3.2 Skeletal muscle
During head and neck procedures, many distinct muscles must be traversed and
sometimes gently dissected in order to gain access to the thyroid and parathyroid
glands. Figure 4-4(A) depicts a longitudinal SECM section of 5 muscle fibers. The
myofibrils had a relatively high SECM signal with respect to the surrounding plasma
membrane and extracellular space. Without application of acetic acid, the peripheral
nuclei were not visible. Transverse striations could be observed within the myofib-
rils, corresponding to the sarcomere junctions. In this SECM image, the sarcomere
lengths were approximately 2 m, which is consistent with measurements reported in
the literature[48]. These sarcomere junctions were more readily apparent in SECM
than in the corresponding H&E-stained slides viewed by conventional brightfield mi-
croscopy (Figure 4-4(B)). Transverse sections (Figure 4-4(C) and corresponding his-
tology (D)) show nice contrast between myofibril bundles and the sacrolemma. SECM
images show individual myofibrils having different intensity profiles, which could in-
dicate that it can discriminate between actin and myosin filaments which are known
to have isotropic and anisotropic, respectively, light propagation properties.
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Figure 4-4: Skeletal muscle as seen with SECM (A and C) with corresponding histo-
logical sections (B and D). Delineation of the individual fibers is observed in both the
longitudinal (A and B) and transverse sections (C and D). Scale bar: 100 microns.
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Figure 4-5: Peripheral nerve imaged with SECM (A) and histology (B). Scale bar
:100 microns.
4.3.3 Peripheral nerve
Iatrogenic damage of the recurrent laryngeal and other nerves can cause significant
complications and morbidity in head and neck procedures. As a result, one of the
first tasks following surgical exposure is identification and isolation of these anatomic
structures to preserve function to the vocal cords. SECM images of peripheral nerves
demonstrate a linear arrangement of alternating high and low reflectance (Figure 4-
5(A)). By comparing the images with their corresponding histology (Figure 4-5(B)),
it appears that the high SECM signal emanates from the myelin sheaths[97].
4.3.4 Thyroid
Surgeries for newly diagnosed neoplasms are common procedures performed in the
head and neck region. The thyroid produces the hormone thyroglobulin that is stored
in colloid form. Colloid is contained in a spheroid structures termed follicles, which are
surrounded by a single layer of cuboidal cells (follicular cells). SECM images of normal
thyroid (Figure 4-6(A)) contained large areas of low signal, representing follicles.
Higher foci of SECM signal from within the follicles may have arisen from insipissated
colloid. Bordering the periphery of the follicles, high SECM signal, consistent with
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Figure 4-6: Thyroid follicles under SECM (A) and histological examination (B). Scale
bar: 100 microns.
follicular cell nuclei, were seen. Interfollicular stroma was comparatively nondescript.
4.3.5 Parathyroid
The majority of the parathyroid glands are comprised of chief cells, oxyphil cells, and
adipocytes. The chief cells are small, polygonal, and have large nuclei. Chief cells pro-
duce a hormone called parathormone that is critical for calcium homeostasis. Oxyphil
cells are larger than chief cells and have smaller nuclei. The thin fibrous capsule of
the parathyroid gives rise to the septa which divide the parenchyma into nodules of
secretory cells, as seen in both the SECM image of Figure 4-7(A) and the correspond-
ing histology slide Figure 4-7(B). Adipocytes are interspersed throughout the normal
parathyroid and are an important indicator of parathyroid health. SECM images
of the normal parathyroid gland demonstrate a geographically varying SECM signal
presumably corresponding to groups of chief or oxyphil cells (Figure 4-7(A) and (C)).
Many punctate areas of high reflectance consistent with nuclei are also seen in the
image. Large polygonal adipose cells can be visualized by SECM and histopathology
within the parathyroid parenchyma (Figure 4-7(B) and (D) respectively).
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Figure 4-7: The parathyroid gland seen with SECM (A and C) and histology (B
and D). Glandular appearance and presence of septa (arrow) as well as endogeneous
adipocytes are visible with both modalities. Scale bar: 100 microns.
INTRAOPERATIVE PARATHYROID IDENTIFICATION
4.3.6 Lymph Node
Lymph nodes are present throughout the head and neck region, and can be some-
times mistaken for parathyroid glands. Histology of the lymph node (Figure 4-8(B))
demonstrates a similar appearance to the parathyroid gland, most notably the pre-
dominance of small blue cells, which in the lymph node case are lymphocytes. As a
result, it is not surprising that SECM images of the normal lymph node (Figure 4-
8(A,C,D)) are similar in appearance to images of the parathyroid. Key differences are
the architectural variances in reflectivity, which are cords and geographical regions in
the normal parathyroid, and large ellipsoid areas (follicles) in the cortex of normal
lymph nodes. Furthermore, adipocytes are always present in the normal parathyroid
and are relatively infrequent in lymph nodes. These distinctions may be blurred in
disease states, however. Structures such as a subcapsular sinus was observed with
SECM (Figure 4-8(A)) and the corresponging histology. Other structures, which are
located deeper within the organ and therefore less likely to be observed in vivo, are
shown in Figure 4-8(C) and (D). Precise histologic correlation would be required to
formally identify these structures, which are reminiscent of medullary cords (C) and
cortical traberculae (D).
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Figure 4-8: Lymph node SECM section (A) and corresponding histology (B) shows a
highly cellular parenchyma bordered by a subcapsular sinus. Structures reminiscent
of medullary cord (C) and cortical traberculae (D) were also observed. Scale bar: 100
microns.
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4.4 Discussion
In this pilot study, we identified characteristic SECM image features that will be used
to formulate criteria for tissue identification during head and neck surgery. The res-
olution and natural contrast of SECM allowed visualization of distinctive features in
most tissue types, including adipose, nerve, muscle, parathyroid, and thyroid glands.
While the results of this pilot study were encouraging, several outstanding issues re-
main. Distinguishing parathyroid from lymphoid tissue was difficult in our study,
owing to their similar microscopic structure. As a result, evaluation of more samples
will be required in order to determine the architectural and cellular features observed
by SECM that better differentiate these two tissue types. For the data presented
here, we obtained SECM images from the cut surface of bisected specimens. During
intraoperative use, SECM will need to identify visceral tissues by imaging through
their fibrous capsules, which can be as thick as 100 m. Therefore, the next steps to-
wards validating this technology will be to conduct a larger study where SECM will be
conducted through the capsule. Specific criteria for tissue differentiation will be de-
termined and tested in a blinded, prospective manner. Results from this larger study
will in turn form the basis for the interpretation of images obtained from patients
undergoing head and neck surgery.
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Speckle in confocal microscopy
Previous work by White et al[98, 97] demonstrated ex vivo that laser scanning con-
focal microscopy (LSCM) can be used to distinguish between parathyroid and other
tissues found in proximity to the thyroid. Spectrally encoded confocal microscopy
(SECM) is intended to provide detection sensitivity and contrast comparable with
laser scanning confocal instruments but using an optical design that enables the de-
velopment of hand-held and potentially endoscopic probes. The study presented in
the previous chapter[12] indicated that SECM meets this objective in the context of
head and neck surgery. This chapter focuses on a comparison between image features
characteristic of LSCM and SECM, describes the physical principles that underlie
differences in the two technologies and demonstrates how this understanding can be
applied to further improve SECM image quality.
5.1 Fiber based versus free space confocal microscopy
Figure 5-1 compares images of a parathyroid sample obtained from (A) the SECM
bench-top system, and (B) a commercially available LSCM system[75]. Both images
show clinically relevant features which would allow a trained pathologist to identify
tissue type (presence of large bright polygonal adipocytes within a highly cellular
parenchyma), however, the LSCM produces images that are smoother and that allow
for (a) better identification of chief cell nuclei, and (b) possible differentiation of chief
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Figure 5-1: Parathyroid imaged with a coherent (A) and partially coherent (B) con-
focal system. Enlargement of the coherent SECM image (C) compares with a fully
developed speckle pattern (D). Field of view -(A&B: 500x500 microns
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and oxyphil cells . In contrast, SECM images suffer from a granular appearance,
making it difficult to clearly distinguish nuclei and to easily identify the cell borders
of the adipocytes. Upon closer inspection - Figure 5-1C - a familiar pattern arises; a
pattern known to optical engineers as speckle (Figure 5-1D).
5.2 Speckle patterns
A strange phenomenon was observed in the early 60's when the first continuous lasers
became available[69, 77]. When laser light was reflected from rough surfaces a high-
contrast, fine-scale granular pattern[37] would be observed by an observer looking
at the laser spot. Most surfaces, with the exception of mirrors, are rough on the
scale of an optical wavelength. The various microscopic facets of a surface contribute
randomly phased reflections to the total observed field. Those contributions interfere
to produce an intensity modulation that depends upon the orientation of the source,
surface and observer. Another common cause for the appearance of a speckle pattern
is the propagation of a wavefront through a diffuser such as the atmosphere[59] or
biological tissue[83].
The optical paths of different parts of the wavefront passing through a suspension
of particles vary slightly in length on a scale of a wavelength, which also causes
speckle. Goodman[39] notes that the speckle phenomenon appears so frequently in
optics that "it is in fact the rule rather than the exception". Speckle patterns are
not only observed in optics, but everywhere radiation is transmitted by or reflected
from objects that are rough on the scale of a wavelength such as in radar imagery or
ultrasound examination of internal organs.
Dainty[26] and Goodman[39] have developped the formalism necessary to under-
stand the speckle interference effect. In the slowly-varying envelope approximation,
a wave can be represented as a sinusoidal function of time and space:
A (x, y, t) = A (x, y, t) cos[27rvt + p (x, y, t)], (5.1)
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where A(x, y, t) represents the amplitude or envelope of the wave,o (X, y, t) represents
the phase, and vo is the carrier frequency related to the optical wavelength, A, and
to the speed of light, c, as:
C
v 0 = -. (5.2)Ao
Equation 5.1 can be rewritten in the phasor representation
A (x, y, t) = A (x, y, t) e(x',Y,l) (5.3)
which is related to the original representation by:
A (x, y, t) = R {A (x, y, t) ew(x'yt).} (5.4)
Following Goodman's description, the wavefront back-scattered from a diffuse medium
will be a superposition of a multitude of randomly phased "elementary" complex com-
ponents. At any point in time and space,
N
A (x, y, t) = Aed" = E an (x, y, t) ejvn(x,y,t), (5.5)
n=1
where anej?" is the nt complex phasor component of the sum, having an amplitude
an and a phase O.
5.3 Sources of speckle in confocal microscopy
Figure 5-2 shows a possible distribution of biological scatterers within a confocal
volume, which can be thought of as an ellipsoid whose axes are given by the lateral
and axial resolutions. With organelles such as mitochondria and various kind of
vesicles (lysosomes, peroxysomes, etc) ranging in size from 200 nm to 1 micron[74],
an incident wave will be back scattered from many depths with various amplitudes,
an, and phases, SPn, which will be proportional to, d, the separation between two
scatterers. A pixel in a confocal image measures the intensity of the light back
5.3. SOURCES OF SPECKLE IN CONFOCAL MICROSCOPY
0*4W
Wav~ont
Coniesi voke Cell membrnfe
0 Nuleus
organels
* 9 -- unnhonrln
Figure 5-2: Scatterers in a confocal volume
scattered from the many scatterers present within the confocal volume within the
sample. In the very simple case where only two scatterers are present, the intensity
is given by:
pixel = laie" + a2e' 2 =2  a2 + a2 + 2aia2 cos(Ao), (5.6)
where AW = 22d.
This oscillation in Equation 5.6 is source of speckle noise. Speckle modulation can
be measured for the same set of scatterers over time, providing useful information
regarding the Brownian motion of the optically invisible particles[90, 65]. Or it can
be characterized at a particular point in time for a distribution of pixels in an image.
In this latter case, the measure of the speckle visibility is called speckle contrast, C
which is defined as the standard deviation of the speckle intensity distribution, a,
over its mean, I:
C = . (5.7)
A fully developed speckle pattern has a speckle contrast of one and is obtained
when a large number of scatterers are present in the observation volume. The speckle
contrast dependence on the number of scatterers can be obtained mathematically
from the knowledge of the intensity distribution. Goodman and Dainty[39, 26] have
obtained the following useful relations.
5.3.1 Large number of scatterers
Starting from the assumption that all scatterers are statistically independent, and
applying the central limit theorem, the amplitude distribution and standard deviation
for a speckle pattern of a large number of scatterers are[39]:
PA (A) = A exp ( (5.8)
22 (5.9)
ar2 = lim -1 (jaaj|2. (5.9)NaoN E2
Using the following transformation:
d A
PI(I) = PA ('f) A (5.10)
Goodman obtains the distribution for speckle intensity, from which the mean and
standard deviation can be extracted to verify that this case produces a fully developed
speckle pattern with a contrast of 1.
Pi(I) = exp - (5.11)
01 = I (5.12)
This fully developped contrast was obtained for the case of a large number of scatterers
and before this discussion goes any further, one should ask the questions, -a- how large
is large and -b- how does this compare with the number of scatterers present in a
typical confocal volume.
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Figure 5-3: Speckle contrast for
bution of speckle amplitudes.
a finite number of scatterers. Inset: Rayleigh distri-
5.3.2 Finite number of scatterers
Following a similar method, Goodman obtains a distribution for a finite number of
phasors having the same length, or, in optical words, a limited number of scatterers
having the same reflectivity.
p(I) = 27r2 fj p jN(2rap) J (27rVIp) dp
Or =I 1 -
(5.13)
(5.14)
The Hankel tramsformation in Equation 5.13, is not easily solvable analytically,
even for small N, and does not include the amplitude variation resulting from the
different index of refraction of the scatterers. An alternate approach to this problem
is to numerically simulate speckle patterns coming from a known number of scatterers.
Iteration of this simulation allows one to measure the standard deviation and hence
obtain a contrast value. Figure 5-3 shows the results of two simulations. First, 1, 000
sums of up to 20 scatterers having constant amplitude and random phase distributed
4 6 8 10
Number of scattersi
uniformly over the interval [-7r, 7r] were simulated. The experiment was repeated
50 times and the contrast obtained was compared with the results of Equations 5.14,
with the error bars being one standard deviation away from the mean. The numerical
simulation agrees perfectly with the analytical curve, and allows one to answer the
question asked previously, namely how many scatterers are needed to obtain a fully
developed speckle pattern.
From Figure 5-3, one sees that when a confocal volume contains as few as 10 scat-
terers, the speckle pattern is almost fully developed with a contrast of 0.95. If one
takes into account the distribution in reflectivity, as seen in the blue curve of Figure
fig:Contrast, this number goes down to 2 to obtain the same contrast. This number
was obtained from the same numerical simulation in which the constant phasor am-
plitude was replaced with a random number picked from a uniform distribution of
reflectivities ranging from 0 to 1. To verify the assumption that the reflectivity of
each scatterer was uniformly distributed, a series of speckle patterns were obtained.
The amplitude distribution of the speckle patterns obtained, plotted in the inset of
Figurefig:Contrast, was the Rayleigh distribution as expected[26]. From this proba-
bility distribution function, we conclude that even with a very small confocal volume,
enough scatterers are present to create a nearly fully developed speckle pattern. The
next question to answer is why does the free-space laser scanning confocal microscope
that was used in Figure 5-1B produce images with less pronounced speckle?
5.3.3 Sum of independent speckle intensities
A common way to decrease speckle noise is to add speckle patterns that were ac-
quired from projections at different angles[82, 49, 27]. Goodman shows that when
N independent speckle patterns with similar means are added together, the contrast
drops as
C (5.15)
In a free space confocal microscope, one can acquire these different speckle pro-
jections by opening the collection pinhole. This scheme allows one to depart from
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a fully coherent detection to a partially coherent detection scheme. A given set of
fields scattered by a scattering distribution are coherently added if they propagate
with the same spatial mode. In a coherent system, the collection pinhole allows only
one of these modes to be detected. In a partially coherent confocal microscope, the
collection aperture is slightly increased to allow more modes, to reach the detector
plane where different modes will be added incoherently, thus averaging the speckle
noise. The opening of the collection aperture not only diminishes the speckle noise,
but increases the signal-to-noise ratio as more photons are detected. However, this
comes with a resolution penalty, both laterally and axially. Ultimately, opening the
pinhole to infinity would result in lateral resolutions equivalent to that of a widefield
microscope, which is not a big problem laterally, but which would result in an absence
of optical sectioning axially.
Figure 5-4 shows the relation between the optical sectioning of a confocal system
versus the size of the detector as elucidated by Wilson and Carlini[101]. The plateau
occurring for normalized detector radius smaller than 4 was exploited by Rajadhyak-
sha et al to obtain images with less speckle in the free-space system that was used to
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produce Figure 5-1B[75].
The analogous approach for a fiber based system is to use a single mode fiber as the
illuminating aperture and a multimode fiber as the collection aperture. By collecting
a larger number of eigenmodes, the speckle contrast should decrease while allowing
spatial modes excited by the tissue to be collected. The next section describes the
imaging theory of a fiber based system in an attempt to find the ratio reaching the
best compromise between speckle reduction and resolution.
5.4. IMAGING THEORY FOR A FIBER BASED CONFOCAL MICROSCOPE
F1 
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D
Figure 5-5: Schematic of a fiber based confocal microscope. F1 and F2 are the illumi-
nation and collection fibers, L1, Li are the collimating lenses, B-S is a beamsplitter,
D is the detector.
5.4 Imaging theory for a fiber based confocal mi-
croscope
Figure 5-5 shows the basic schematic for a fiber confocal microscope where a single
mode fiber is used to provide quasi-uniform illumination of the microscope objective,
that is to say the Gaussian profile is expanded to overfill the pupil. This illumina-
tion configuration creates a diffraction-limited spot within the sample. In the system
presented in the previous chapter, the same single mode fiber was used for collecting
light, therefore providing a coherent imaging system. In this current scheme, a dif-
ferent fiber is used to collect light. The purpose of this section is to determine the
optimal fiber configuration that will achieve maximal speckle reduction while preserv-
ing lateral resolution and optical sectioning. In order to study the resolution of such
a system, one needs to derive the transfer function from imaging theory. Following
a derivation from Gu et al[41], and working at first in 2 dimensions1 for simplicity,
11.e. one transverse dimension in addition to the propagation direction along the optical axis
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we let U1(xo) be the amplitude distribution of the electric field at the output of fiber
Fl. After passing through the imaging system, the field amplitude at a point x 2 on
the input end of fiber F2 can be expressed, according to imaging theory, as
U2 (xs 2)= U1 (xo) h Xo + rf (x, - x) h x + X)dxodxl, (5.16)
-00
where M1 = f/di and M2 = d2/f are the magnifications from fiber F1 and onto
fiber F2, f is the focal length of the objective, di and d2 are the focal lengths of the
collimating lenses onto the fibers, h is the point spread functions of the objective lens,
rf is the sample reflectivity and x, is the lateral position at the sample plane[38].
In order to obtain the field amplitude at the output end of the fiber, we now
consider the propagation of the field U2(x,, x2 ) through the optical fiber F2.
5.4.1 Modal propagation
An arbitrary electric field, U(x, z), can be expanded as a superposition of a complete
set of orthonormal modes in an optical fiber as[80]
U (x, z) = ajfj (x) exp (i#3 z), (5.17)
where fj (x)exp(i31z)denotes a complete set of the orthonormal modes in a particular
fiber that is a bound solution and that propagates along the z direction without
attenuation with #j being the propagation constant, and a3 the modal amplitude
described as
00f fj (x) U (x, z = 0) dx
a0 = (5.18)
f ifj (x)|2 dx
Functions f, (x) are profiles of the fiber modes on the plane perpendicular to the z
axis. When the optical fiber is a single mode fiber, the summation includes only the
first term, j = 1, as were the cases studies by both Gu et al[41] and Kimura et al[55].
In our case though, the detection fiber allows the propagation of more modes, which
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requires carrying this calculation further.
The intensity, I, measured by a large area detector placed against the output end
of the fiber is given by
I= |U3 (x, x 3)|2 dx3 -
-00
(5.19)
The field U3 (x3 ) can be expended as a superposition of modes as in Equation 5.17
00
is=J Z :a, fj (x)
-00
2
exp (i3z) dX3 , (5.20)
which given the orthonormality of eigenmodes, can be rearranged to
I, = E f ajfj (x) exp (ip3 z)| 2 dx 3. (5.21)
Inserting Equation eq:coeff and setting the z origin at the detector plane, Equa-
tion 5.21 becomes
cc
-si -00
f 2
f3 (X3) dX3, (5.22)|f, (x)|2 dx
which can be expanded further using Equation 5.16
is = 1
f f (X2) ... dX2
f00 (X)|12 dx
2
(x3) dx 3 (5.23)
= U1 (xo)
-00
h x0+ XJ r5(xS - x1 ) h (x1 + A ) dxodx1
f* (x2) U2 (x,, x2)dx2
where .
For simplicity, we define
Kj (X3) = X3 (5.24)
f f (x)| 2 dx
and expand the middle term of Equation 5.23
Is = J Kj (x 3) f. (x 2) U1 (x) hi (o + (5.25)
r5 (x, - x1) h2 x1 + fj (x) U* (x) h* (x + V.2_
r* (x, - x') h2 1 + x') dxodx'dxdx'1dx2dx' dx3 ,
in order to rewrite Equation 5.23 in the more familiar form which defines a point
spread function, g,
00
is= KJ(x3 ) JJ g (x1) g x 1  (xS - x1) r ( - x') dxldx'dx3  (5.26)
gU (x1) = U1 (x0) h1 x0 + f; (x2) 12x + X2 dxodx 2  (5.27)
gy (X1) = [U1 ( ) 0 hi (i) [fj* (h) 0 h2 (x)], (5.28)
where M1 = 1/M 2. Equations 5.26 and 5.28 show that when both the illumination
and the collection fibers are single mode, the confocal system is fully coherent. How-
ever, in the multi-mode case, the system is said to be partially coherent. In other
words, every mode of the fiber acts as an independent coherent confocal system. At
the detector, the field of each mode is added incoherently. An important point to
make here is that this case is very different from the case where a finite-sized inco-
herent detector is used. The gain in intensity is therefore expected to augment in
a stepwise fashion as the number of modes increase, assuming that the modes are
excited equally. Another point to make is that the fiber NA is implicitly included in
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this analysis as it dictates the number of modes that will propagate in the fiber.
5.4.2 Optical sectioning
To calculate the loss in optical sectioning, a phase term corresponding to the ax-
ial coordinate must be included in the expression of the lens point spread function
(psf). Based on Wilson and Carlini's derivation[101], the point spread function of the
objective lens may be written as
11h(u, v) = JP ( p) ex p [up2] Jo (v p) pd p. (5.29)
0
Where we are now using cylindrical normalized coordinates that relate to the trans-
verse, x, and axial, z, coordinates as follows[10]
v = kxsinca
u = kz sin 2 a
k = 27rA 
(5.30)
sina = NA
Replacing rf(x) with a delta function allows obtaining the full field intensity psf as
the sum of all the intensity psf's generated by each of the fiber modes as follows:
00
is = Z J K (x3) |g (XI)1 2 dx 3. (5.31)
The lateral and axial resolution can be calculated replacing v and u with zero re-
spectively. Since we moved to a three dimensional system, it would be wise here to
rewrite the effective point spread function, g,
gj (v, u) = [U1 ("/M 1 ) 0 9h (1'1M 1 1/M1)] [f (M1) h (v, u)] . (5.32)
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Figure 5-6: Schematic of a typical optical fiber (A) and refractive index profiles (B).
5.4.3 Modes in a step index fiber
The last step required to evaluate Equation 5.32 is to find the mode profiles of the
multimode fiber used as the collection aperture. Light waveguides are based on
total internal reflection which occurs when the incidence angle is greater than the
critical angle, 0e = sin-1 (ndad/n,,e), where ne,.e represents the refractive index of
the conducting medium and ndad that of the surrounding material. This value defines
the numerical aperture (NA) or acceptance angle of the fiber.
NA = nai. sin (6) = nt,.c - nca (5.33)
Equation 5.33 shows the relation between the NA and the waveguide indices of refrac-
tion and was obtained through a straightforward rearrangement of Snell's law[104].
Figure 5-6 shows the schematic of an optical fiber. Optical fibers are made of a
higher index silica core surrounded with a lower index silica cladding, itself protected
with a polymer layer. The difference in index of refraction is in fact very small - optical
fibers are said to be weakly guiding - which allows for a tremendous simplification
when matching the fields at the core-clad interface[104]. The core radius, a, of a
single mode fiber is chosen such that its core only supports the propagation of a
single fundamental mode. In turn, the radius of the clad, c, is chosen to be large
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enough such that the field of a confined mode is virtually zero at r = c. Propagation
modes in these cylindrically symmetrical waveguides are found by solving the wave
equation, the same way bound states are identified in potential wells. The details
of multimode propagation have been worked out elsewhere[80, 104] and are outlined
here as an introduction for a later chapter which will deal with a dual clad fiber. The
wave equation for the field vectors components along the axis of propagation is
(V2+ k2) z }=0, (5.34)
H z
where k2 = w 2n2 /c 2 is the propagation vector, and V2 is the Laplacian operator given
in cylindrical coordinates by
a2  i a 1 a2 a2
V 2= + - + ;i-0 + .- (5.35)
ar2  r &r r2 &2#2 Dz2
Since the propagation is along the z-axis, every component of the field vector as-
sumes the same z- and t-dependence and a solution is assumed to be of the following
form[104]:
= [) (r, exp [i (Wt - #z)] , (5.36)
H (r, t) H (r, #)
where # is the propagation constant associated with a particular mode. Using
Maxwell's equations, one can show that solutions to Equation 5.36 are separable
and may take the form
[E (r, #)1
= ' (r) exp (til#)
H (r, 3) 7)
1 = 0, 1, 2,3...
The wave equation can thus be rewritten as
824 i~ (2 g2~
2 + + k /2 o2- = 0, (5.38)
B5r2+ r ar r2
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which is known as the Bessel differential equation having as solutions the Bessel
functions of order 1.
For k2 - /2 > 0, the solution takes the form:
k2 _32 > 0$ (r) = AJi (hr) + BY (hr)
h2= k2 
_ /2,
where J, and Y are Bessel functions of the first and second kind, respectively, and of
order 1, and where A and B are constants. For k2 _ /2 < 0, the solution takes the
form:
$ (r) = CII (hr) + DK (hr) (5.40)
q2 =2 - k2,
where I and K are modified Bessel functions of the first and second kind, respectively,
and of order 1, and where C and D are constants. Physically, the constants B and
C are set to zero such that the field neither reaches infinity as r -+ 0 nor grows
exponentially in the cladding region. Also, to ensure confined propagation, # must
be larger than n2ko = n2w/c for the wave to be evanescent in the cladding region.
The solution for the field distribution at any plane in an optical fiber is thus given
by:
E (r < a, 4, z, t) = AJI (hr) ei1o exp [i (wt - Oz)] (5.41)
E (r > a, 4, z, t) = BK (qr) e 1 ' exp [i (Wt - z)]
B = A J(ha)KI(qa)
B A (hr)/d (5.42)dKi (qr)/
Equations 5.42 were obtained by matching the field and its derivative at the interface
between the core and the cladding, i.e. at r = a for a single mode fiber or at
r = b for a multimode fiber. This dictates the possible eigenvalues #1m for the
propagation states, or eigenvectors of the fiber, where m = 1, 2, 3... indicated the mth
root of the transcendental equation for a particular value of 1. Figure 11 shows the
lowest eigenmodes propagating in a multimode fiber for parameters I E [0, 1, 2] and
Chapter 5
5.4. IMAGING THEORY FOR A FIBER BASED CONFOCAL MICROSCOPE
[[=2, -=2]
Figure 5-7: Eigenmodes of an optical fiber for various values orders (1) and roots (m).
Black circle denotes the fiber geometry.
m E [1, 2,1 ].
From Equations 5.42, the constants h and q can be normalized and integrated into
the V parameter[80] defined as
27r
V = - -a -NA.
Ao (5.43)
One can show that for values of V smaller than 2.405[80], all modes except the
fundamental modes are cutoff, in which case the fiber operates as a single mode
waveguide. As this is a quantized process, the number of modes, N, increases with V
in a step-wise fashion. For large V parameters, the curve is smoothened and N can
be approximated for a single polarization state as:
NV 2
V >>1. (5.44)
[[=0, mn=2]
O
Collimating lens 11mm 35mm 18mm 11mm
Collecting fiber SMF MMF MMF MMF
(core diameter) (9pm) (62.5pm) (62.5pim) (62.5pm)
NA onto collection fiber 0.11 0.035 0.067 0.11
V parameter 2.4 5.3 10.1 16.6
Number of collected modes, N 1 5 20 55
Table 5.1: Experimental setup and mode collection
For smaller V parameters, Saleh and Teich[80] show that this approximation would
cause an error of +/- 1 mode. Typically, from Equation 5.43, the modal acceptance
varies quadratically with fiber diameter increase, for a constant NA.
5.5 Speckle simulation
To verify the speckle and resolution dependence of Equations 5.15 and 5.32 respec-
tively, the following experiment was conducted. The fiber confocal microscope of
Figure 5-5 was reproduced. Light from a single mode fiber (SMF28, 9 micron core,
0.12 NA) was collimated by Li (11mm focal length achromat), then expended by
a 4:1 telescope to overfill the back pupil of the microscope objective (LOMO 30x
0.9NA water immersion). Upon its return, the beam was de-magnified by the re-
verse telescope then focused into a multimode fiber (62.5 micron core, 0.275 NA) by
three different focusing lenses (f=18mm, 24mm, 35mm), each allowing a certain set
of modes (or k-vectors) to be propagated inside the fiber to the detector, as seen in
Table 5.1.
Data from these three collecting means were also compared to light coming back
through the original single mode fiber, which served as the reference as the fully co-
herent detection scheme. The sample was chosen such that no structures would be
observed, only speckle. Aqueous suspensions of lipid droplets, such as Intralipid[50],
are commonly used as optical phantoms to study scattering and their optical proper-
ties are well characterized . The droplets range in size between 250 and 400 nm[29]
making them unresolvable with our confocal system, while providing adequate num-
ber of scatterers within one confocal volume for full development of a speckle patterns.
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Figure 5-8: Average signal intensity as a function of depth. The four curves represent
signal acquired with different collection fiber effective diameters. The peaks at -
170 microns and at 0 microns represent the two faces of the coverslip placed above
the intralipid solution. Also shown are individual speckle patterns for single mode
collection (A), multimode and 35 mm lens (B), 18 mm lens (C) and 11 mm lens (D).
For this experiment a dish containing Intralipid was placed on a motorized stage. A
series of confocal images obtained at different depths was acquired with each collima-
tor/fiber pair mentioned above. Intralipid was imaged through a coverslip and under
water immersion. For each image, the mean signal and the standard deviation from
a central region of interest of 50x50 pixels in the center of the images was calculated.
Sample images are shown in Figure 5-8A-D where the loss in speckle contrast
can be quantitatively assessed as the mode collection goes from 1 (Figure 5-8A) to
55 (Figure 5-8D). The curves in Figure 5-8E allow to also appreciate the increase in
signal collection with the mode collection and the loss of optical sectioning, seen from
the broadening of the peak due to the reflection of the second face of the cover slip.
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Figure 5-9: Speckle contrast (A), signal collection (B) and optical sectioning (C) as
a function of modal detection. Blue line: theoretical curve, red points: experimental
data. Error bars represent one standard deviation.
The constant slope in the logarithmic scale corresponds to the attenuation coefficient
of Intralipid. From Beer's law, and accounting for the round trip, the extracted
attenuation coefficient has a mean of 29.1 cm-1.
Figure 5-9 provides a quantitative analysis of the multi-modal collection. As
predicted by Equation 5.15, speckle contrast was seen to be dramatically reduced
even with a limited increased in the number of detected modes. In Figure 5-9B,
the increase in signal collection was plotted, in a manner similar to Yelin et al[106],
i.e. against the volume integration of an ellipsoid containing diffuse photons. Signal
collection increases with modal collection and saturates when the collection volume
becomes much larger than the original illumination confocal volume. Given complete
knowledge of the intralipid properties at 1310 nm, a Monte Carlo simulation could
have been performed to define the dimensions of the diffuse illumination volume. In
this simulation, the best fit was achieved by inflating the confocal volume by a factor
of 5.
Experimental loss of optical sectioning is also plotted against theory. The curve
is the same as that presented in Figure 5-4 where normalized pinhole values are
replaced with equivalent modal collection. This approximation can be made when the
dimensions of the fundamental fiber mode is the same as the point spread function
of the microscope objective. The plateau observed in the free space system also
seems to be present in a fiber based system. The ideal modal collection ratio is
application dependent, but Figure 5-4 shows that if one is willing to accept a 25%
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Figure 5-10: Porcine duodenum tissue imaged with single mode collection (A) and
multi-mode collection (B). Granular appearance and signal collection are ameliorated
while sectioning power is preserved.
sectioning loss, which occurs with the collection of 20 modes, speckle contrast would
be reduced by 75% while providing a signal nearly 8 dB stronger. The amelioration
in image quality provided by the collection of 20 modes was also tested on a biological
specimen, as shown in Figure 5-10. A piece of porcine duodenum was imaged at the
same acquisition rate first with the single mode fiber and then with the multimode
fiber in the configuration allowing the collection of 20 modes. Figure 5-10 illustrates
the reduction of speckle noise, which allows a better visualization of the bright cells
present in the duodenum villi.
5.6 Conclusion
Speckle is a serious problem for coherent confocal microscopy systems, as it produces
an artifact that makes tissue diagnosis difficult. In conventional free-space systems,
speckle can be ameliorated by opening up the detection pinhole to allow collection
of more than one mode, where the intensity of each mode is added incoherently.
In this chapter, we have shown that this method for decreasing speckle noise can
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also be implemented using multimode fiber optics, without significantly decreasing
transverse resolution and while obtaining adequate optical sectioning thicknesses. A
further advantage of this detection configuration is increased signal intensity. This
advance will become important in the next chapter where we describe the use of
a dual-clad fiber that uses the single-mode core for illumination and the innermost
multi-mode cladding for detection. In so doing, we will be able to develop fiber-optic
confocal systems with reduced speckle image noise, using a single dual-clad optical
fiber, thereby reducing the overall size and complexity of the confocal probe.
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SECM in biology
The previous chapters have described the effort towards building a clinically viable
SECM system. Many characteristics that make this system well suited for medical
use, such as a longer wavelength and rapid acquisition rates, are also relevant when
imaging animal models for embryological studies. The work presented in this chap-
ter1 is a part of a broader study in which many natural contrast optical imaging
technologies were evaluated as research tools for developmental biologists and was
performed in collaboration with Dr Ronit Yelin 2, Dr Ronald J. Krieser3 and Dr Wol-
fram Goessling4 . This collaboration between physicists and biologists proved mutual-
istic: the SECM benchtop system allowed Dr Yelin to observe cardiac malformation
on her embryological models[108, 109] and, imaging living organisms allowed SECM
properties such as acquisition speed and penetration depths to be evaluated[107].
'Adapted from:
R Yelin, D Yelin, WY Oh, SH Yun, C Boudoux, BJ Vakoc, BE Bouma and GJ Tearney.
Multimodality optical imaging of embryonic heart microstructure. Under review for Developmen-
tal Biology
2Dr Yelin is a post-doctoral fellow in Professors Bouma and Tearney's groups at the Wellman
Center for Photomedicine, Massachusetts General Hospital, Harvard Medical School.
3Dr Krieser is a post-doctoral fellow in Professor Kristin White's group at the Cutaneous Biology
Research Center at Massachusetts General Hospital, Harvard Medical School.
4Dr Goessling is an instructor of Gastroenterology at Harvard Medical School.
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Figure 6-1: Schematic (A-B) and photograph (C) of the Xenopus Laevis at stage 46 of
development, lateral (A) and ventral (B) views were reproduced with permission from
the Xenbase.org. The ventral widefield microscopy image (C) shows the intestinal
torsion and faint contour of the heart (arrow). The photograph is a courtesy of
Will Graham and is reproduced with permission from Prof. Barbara Lom, Associate
Professor of Biology at Davidson College. Scale bar: 1 mm.
6.1 The Xenopus Laevis, as seen with natural con-
trast SECM
The process of heart development and the genetic network which regulates it has
been found to be conserved throughout the evolution[70, 86]. Although the Xenopus
laevis - or South African Clawed Frog - embryo is part of the lower vertebrate class,
biologists have long used it to increase their understanding of normal and abnormal
early and basic developmental processes[60].
The morphology of the developing Xenopus laevis heart shown in Figure 6-1 was
described based on studies in fixed embryos[58, 64]. Similar to other vertebrates,
Xenopus heart development starts at the gastrula stage. Later on, it takes the form
of a linear tube that undergoes looping and compression. Differentiation gives rise to
the truncus arteriosus (TA), bulbus cordis (BC), ventricle (V), atrium (A), and sinus
venosus (SV). The final step of heart development is valve and septum formation
(around stage 47). The fully differentiated Xenopus heart has three chambers: two
atria divided by the partial atrial septum, and a single highly trabeculated ventricle.
The atrioventricular valve is located between the ventricle and the atrium and the
spiral valve is located within the TA[58, 64]. Elucidating the relationship between
the molecular basis of congenital malformations and phenotype requires accurate two-
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and three-dimensional characterization of microstructure of the embryonic heart in
vivo. However, due to cardiac motion and its small dimensions, the heart is among
the most difficult organs to evaluate in a living embryo.
Laser scanning confocal microscopy (LSCM) has recently allowed dynamic visual-
isation of heart chambers and valves in the zebra fish embryonic models[33]. In this
recent study, mechanisms for heart pumping were elucidated by performing tracking
of fluorescently labeled cells via rapid three-dimensional imaging. Currently, most
LSCM systems utilize visible wavelengths overlapping with the excitation spectra of
most fluorescent markers. With many markers available, images can be multiplexed
to follow different biological processes and cells simultaneously. However, the signal
to noise ratio of fluorescence images is limited by strong tissue autofluorescence in
the visible portion of the spectrum and by photobleaching of the markers. The use of
longer wavelengths significantly reduces the background level due to autofluorescence.
Since the availability of fluorophores that can be efficiently excited in this region of
the electromagnetic spectrum is limited, imaging using natural contrast mechanisms
such as refractive index variations is attractive. An imaging technique based on nat-
ural contrast offers the additional advantage of studying undisturbed samples in their
native state with minimal preparation and at different time points.
Xenopus embryos were imaged with SECM to demonstrate this endogenous-
contrast microscopy technology and elucidate the potential merits of high-speed and
high-resolution imaging for normal embryonic heart development. Xenopus laevis
frogs were purchased from Nasco (Fort Atkinson, Wisconsin). Animal procedures
were performed according to the approved protocols of Massachusetts General Hos-
pital Subcommittee on Research Animal Care. Embryos were obtained by in vitro
fertilization, incubated in 0.1x Marc's modified Ringer's medium (MMR)[66] and
staged according to Nieuwkoop and Faber tables[67].
The Xenopus myocardium (stage 47 and 49) was imaged in vivo with an SECM
system equipped with a 60x objective (Olympus UPlanApo/IR 60X/1.20W) at a
frame rate of 10/s, a transverse field of view of 220 x 220im, and transverse and
axial resolutions of 0.9pm and 2.5pLm, respectively. The maximum penetration depth
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Figure 6-2: High-resolution confocal imaging in vivo using SECM. En face SECM
(C-E) images showing the atrioventricular valve (C), the ventricular traberculae (D),
and the truncus arteriosus (E) are compared with resin-embedded plastic histological
sections (A-B, 1pm sections, methyl blue stain). The regions of interest in (A) and
(B), marked by the dotted rectangles, correspond to the approximate fields of view
of the SECM images in (C) and (E), respectively. Stars mark valve locations. V,
ventricle; T, truncus arteriosus. Scale bars: 50 microns.
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Figure 6-3: A series of three SECM images demonstrate the opening of the spiral
valve (s), allowing the flow of blood cells to the aortic bifurcation.
was limited to the 280[pm working distance of the objective lens. SECM images of Fig-
ure 6-2 show the thin cusps of the atrioventricular valve (Figure 6-2C), approximately
280pm below the ventral surface, and parts of the ventricle and truncus arteriosus
(Figure 6-2E), and containing individual blood cells within the trabecular spaces.
SECM images correlated well with corresponding histology sections (Figure 6-2A,B).
A series of frames from a different tadpole (stage 47), demonstrates the spiral valve
as it closes (Figure 6-3A) and opens (Figure 6-3B,C), regulating blood flow, seen at
the single-cell level, from the truncus arteriosus to the aortic bifurcation. Blood
cells are also apparent between the trabeculae (Figure 6-2D). Intracellular features
within individual myocytes that may represent nuclei and organelles can be observed.
Figure 6-3B shows the smearing of a blood cell indicating that the frame rate of 10
fps, although fast enough to observe the spiral valve dynamics, is too slow to prevent
blurring when viewing flowing cells.
6.1.1 Aneurismal dilatation in the Xenopus embryo
SECM along with other endogenous-contrast imaging modalities such as optical co-
herence tomography (OCT) [9] and optical coherence microscopy (OCM) [6] were also
evaluated in the context of abnormal heart development. Heart defects are a major
cause of infant mortality and spontaneous abortions[8, 46]. In one of the embryos
(stage 47), we noticed a protrusion emanating from the TA wall. SECM sections ob-
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tained in vivo at two different depths (Figure 6-4A and B) reveal its saccular shape,
its location with respect to the spiral valve, as well the flow of individual blood cells
throughout the defect. This abnormality was also observed in vivo with OCT (Fig-
ure 6-4C). The embryo was then fixed and imaged with OCM. An OCM section
(Figure 6-4D) and a three-dimensional volumetric rendering of the data set (Fig-
ure 6-4E) show the dilatation in the context of the entire heart. Difficult to see under
conventional brightfield microscopy (Figure 6-4F), but clearly visualized with OCT,
OCM and SECM, this protrusion may represent a saccular aneurismal dilatation of
the TA, in a heart that otherwise appeared to have a normal phenotype. For OCT
imaging, embryos were positioned on a 1.5% agarose gel plate with their ventral side
facing up. For imaging with the SECM system, embryos were placed on a cover slip,
lying on their ventral side in an anesthesia buffer, and imaged from below. OCM was
conducted on fixed embryos to accommodate for slower acquisition speeds. Fixation
was done in MEMFA (0.1M MOPS [pH7.4], 2mM EGTA, 1mM MgSO4 and 3.7%
formaldehyde) for greater than one hour. Prior to imaging, the fixed embryos were
transferred into a Petri dish with 1x PBS (8gr NaCl, 0.2gr KCl, 1.44gr Na2HPO4,
0.24gr KH2PO4), with its ventral side facing up, supported by clay. Developmental
stages and phenotypes were determined by Dr Yelin.
The previous two experiments showed that the endogenous contrast available to
microscopy techniques is clearly sufficient to allow visualization of normal and ab-
normal heart microstructure. While OCM and OCT have better resolution and ac-
quisition speed, respectively. SECM offers the ideal compromise when the interest
is in looking at both microstructure and dynamics. Studying systems with a faster
dynamics requires a faster image acquisition rate, which is demonstrated in the next
section.
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Figure 6-4: Aneurismal dilatation in the Xenopus heart (stage 47). (a) SECM image,
obtained in vivo, shows the presence of blood cells within the protrusion. (b) A
deeper SECM section reveals the location of the protrusion relative to the spiral valve.
TDOCT was used to confirm the abnormality in vivo (a, inset, arrow). FFOCM en
face section, obtained in fixed embryo (c), and three-dimensional rendering (d) show
additional views of the aneurysm. (e) Brightfield photograph showing ventral view of
the tadpole (frame width = 2 mm). The aneurismal defect is marked by arrows. V,
ventricle; T, truncus arteriosus; A, atrium; S, spiral valve. Scale bar: 100 microns.
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6.2 The Zebrafish
Figure 6-5 shows images of a zebrafish embryo (sp:Danio rerio) - another commonly
utilized animal model for developmental biologists[51]. The Zebrafish is used for its
relative transparency to visible light, which allows staging of the different develop-
mental phases using a brightfield microscope[96]. However, as is the case for Xenopus
Laevis, the heart is not readily observable with natural contrast under brightfield
microscopy and much more may be visualized using reflectance confocal microscopy.
Zebrafish embryos were imaged with the system to evaluate three qualities of the
SECM benchtop:
1. Contrast : which structures can be observed with natural contrast in the ze-
brafish embryo using a wavelength of 1.3 microns?
2. Acquisition speed: what can be learned from dynamic studies and what imaging
rates are sufficient?
3. Penetration depth: is using a wavelength of 1.3 microns a benefit or a burden?
Contrast was first assessed using a fixed embryo. The relatively small field of
view of the benchtop system, equipped with a high resolution microscope objective
[Nikon, 60x, 1.2 NA, water, insert reference here], was compensated by the acquisi-
tion of several en face planes which were stitched together using Adobe Photoshop
software. Although the reconstruction took several hours, given proper automation
of the process, such a mosaic could be obtained by a video rate confocal microscope
within a few tens of seconds. The advantage of the mosaic is to provide a map of
the embryo to better locate and orient the heart, or any other structure of interest,
within the organism.
A mosaic of a zebrafish embryo (Figure 6-5B) shows the different heart chambers
in the context of the whole organism. In this ventral orientation both the very
reflective gut and the head are observed. A slight tilt in the embryo prevented the
visualozation of both eyes within the same section. For stability during imaging,
embryos were placed within a 1% agarose gel deposited over a coverslip-bottomed
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Figure 6-5: Photograph of a zebrafish embryo (A) (12 days post fertilization) and
SECM mosaic of a 5 days post fertilization embryo (B). Scale bar: 1mm. Photograph
courtesy of Dr Ronit Yelin, Harvard Medical School.
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Figure 6-6: Schematic (A) and SECM time frames (B-E) of a 24-hour post fertil-
ization zebrafish embryo. Images of a full systole (B-E) -diastole (D) cycle show-
ing blood cell circulating in the newly developed heart (arrow shows flow direc-
tion). H- heart, Y- yolk, V- valve, M- myocardium. The dotted line represents
the SECM imaging plane. Scale bar: 50 microns. Diagram reproduced from
http: //www.neuro.uoregon.edu/k12/
dish. During imaging, embryo hydration was maintained using phosphate buffered
saline and anesthesia was added for imaging in vivo.
Many microfeatures of heart development could be identified with SECM in vivo.
Twenty-four hour post-fertilization (Figure 6-6), circulation begins in zebrafish em-
bryos, in the form of a simple circulatory loop. The heart, which is located between
the embryo's head and the yolk sac, pumps blood to the forming truncus arterio-
sus and into the left and right aortic arches. Natural contrast SECM allowed for
visualization of the yolk sac and the heart location. Additionally, valves and the
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Figure 6-7: Later stage development of zebrafish heart. (A) Schematic showing imag-
ing plane (dotted line). Septum (S) create the heart's first chambers at 48 hour post
fertilization (B). 5-day (C) and 12-day (D) images of the embryo show the fully de-
veloped heart. BA-bulbus arteriosus, V-ventricule, A-atrium, G-gut. Scale bar: 50
microns. Diagram reproduced from http: //www.neuro.uoregon.edu/k12/
myocardium could be identified based on their motion. Blood cells were well seen,
making it possible to ascertain the direction of flow as well as dynamics of the valve.
Separation into primitive chambers was observed in another embryo at 48 hours
post fertilization, as seen in Figure 6-7. These chambers develop into 4 segments:
the bulbus arteriosus, the ventricule, the atrium, and the sinus venosus, which were
observed at 5 days and 12 days. The sinus venosus was observed at a different
imaging depth. Although natural contrast was sufficient to identify these structures,
dynamic imaging was essential to differentiate very thin structures, such as valves,
whose presence could be infered using motion cues.
The normal zebrafish pigmentation, which is initiated during embryogenesis, was
found to be an obstacle for imaging the zebrafish at significant depths. Embryos
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imaged in this Chapter were treated with 1-phenyl 2-thyourea (PTU) during embryo-
genesis according to a protocol defined by Karlsson et al[53]. PTU-treated embryos
therefore do not develop the very reflective pigmentation characteristic of the wild-
type phenotype.
6.3 Signal to noise considerations
Determining flow dynamics in developing Zebrafish hearts is currently the subject
of significant interest[33]. For this particular application, the system was modified
to acquire images at video rate to evaluate whether this speed is sufficient to obtain
clear images of flowing blood cells. The primary consideration in operating the SECM
system at high speed is in maintaining a sufficient signal to noise ratio. A fiber based
laser scanning confocal system suffers from three types of noise:
6.3.1 Specular reflections
1. From the distal face of the fiber. Angle polishing of the fiber tip sends this back
reflection to the cladding which allows an extinction of this signal of -65dB
relative the light power at the fiber tip. When including the round trip loss
through the free-space components of the system (telescope, grating, objective),
this ratio becomes -55dB. Although this extinction ratio is extremely small,
it competes strongly with the signal coming back from the tissue, which at
best reflects -32dB of the incident signal5 . In a system that uses the same
fiber for both illumination and collection purposes, this is the major source
of noise. Although background subtraction techniques can be employed, this
5 The Fresnel reflection coefficient for a difference of index of refraction of a cell substructure
(n 2 = 1.4) versus extracellular fluid (ni = 1.34) is
R = (r11 )2 = tan (61 - ni/n2 sin 01)- 2=6.76 x 10-4
tan (01 + -1/n2 sin 61) _
which corresponds to an attenuation of 32dB at the tissue. This signal exponentially decays as
the cell is located deeper into tissue. Stronger signal could be obtained from a lipid droplet with
(n2 = 1.5) located at the surface, but this case represents more the exception than the norm.
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comes with a penalty to the dynamic range of the image. In this bench-top
system, however, this source of noise is inexistent as two different fibers - single
mode for illumination and multimode for collection - are used.
2. From various air-glass interfaces from optical elements in the free space part of
the imaging system such as the microscope objective, diffraction grating and
telescope lenses present in the path to the sample. This noise is minimized
by using elements that are anti-reflection coated; however, the coating is wave-
length specific. Most microscope objectives are anti-reflection coated for visi-
ble light, making the optical system more susceptible to backreflections in the
near-infrared. In the bench top multimode fiber SECM system, optical backre-
flections were the predominant source of optical noise. Even a total reflection
from all surfaces of less than 1%, an attenuation of 20dB, directly interferes
with the signal.
Optical background from specular reflections must be carefully evaluated when choos-
ing the type of optical fiber and optical elements. However, these two sources of noise
are not influenced by the acquisition speed. For a given time interval, the ratio of
photons reflected from the sample (signal) or from optical elements (optical noise)
remains the same, regardless of the choice in time interval. Only the dynamic range is
impacted from lower signal as it approaches the detection threshold of the digitization
board.
6.3.2 Relative intensity noise (RIN)
This source of noise arises from the modal fluctuation of the light source. For a
tuning source with harmonic frequencies of 27MHz, the RIN level was less than -
127dB/Hz, which would ultimately limit the sensitivity of the system to -61dB for a
pixel acquisition rate of 7.5MHz (30 frames of 500x500 pixels), where the bandwidth
corresponds to half the sampling rate as specified by the Nyquist theorem. This
source of noise implies an optical dynamic range of approximately 30dB, which is
more than values typically supported by high gain photoreceivers.
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6.3.3 Electronic noise
1. Thermal noise, which arises from random particle motion in resistors due to
their thermal energy. In a photodetector, this noise is generated by the resistor
first experienced by the photocurrent.
kT
th R AfT (6.1)
where k = 1.38 x 10- 3 /K is the Boltzman constant and T is the temperature of
the feedback resistor, R, in Kelvin. The value of the resistor is dictated by the
gain-bandwidth product, Gain x Af = Constant, of the first stage current-to-
voltage converter. In turn, the gain is proportional to the value of the feedback
resistor in a transimpedance amplifier, which gives R oc 1/Af, and
th cX VkTAf (6.2)
Increasing the detection bandwidth results in a proportional increase of thermal
noise, which affects the dynamic range as the signal is also lowered from a similar
reduction of the amplifier gain. The critical factor here becomes the digitization
bit depth.
2. Shot noise, i.e. noise occurring as a result of the random arrival time of the
electron that makes up an electrical current. This source of noise is a major
concern in heterodyne detection schemes when one is trying to measure a small
signal in the presence of a large DC background due to the local oscillator
current. It is expressed as
iSN = 2 qDC\Af (6-3)
where q = 1.6 x 10-' 9 C, IDC is the background current and Af is the detec-
tion bandwidth. Although this noise increases as the acquisition bandwidth
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increases, the DC current is too small to make this source of noise an important
factor.
The photodiode used in the SECM benchtop system was tuned in-house to provide
a bandwidth of approximately 1MHz and a gain of 10' V/W, allowing comfortable
imaging at 8 frames per second. Avalanche photodiodes (APD) have the potential
to provide a higher bandwidth while maintaining high gain. During this thesis work,
prototypes of InGaAs APD's became available. Two of these prototypes were evalu-
ated [insert reference and part numbers here]. Although several attempts were made
at designing a low noise second stage amplifier, the quality was never as good as that
offered by the original InGaAs photodiode detector. In both case, a maximum gain
of 106 V/IT was achieved, at the expense of a very large DC offset. In order to keep
the dynamic range intact, this required digitization of an AC coupled signal, which
made optical background removal impossible. The best compromise for imaging at
video rate was to use the high gain detector with a limited field of view. Imaging was
thus performed with the InGaAs photodiode detector using an image size of 400x400
pixels at 30 fps for a bandwidth of 2.4MHz, as opposed the 3.75MHz required for a
500x500 pixel image. While these are not optimal imaging conditions, the objectives
of testing imaging speed could be achieved keeping in mind that future enhancements
in detector technology will concomitantly improve SECM.
To obtain video rate acquisition, display and saving, the LabView routine devel-
oped for the SECM benchtop system had to be stripped of all superfluous functions.
Background substraction was therefore performed post-processing and images were
compressed from a 12-bit scale to an 8-bit scale to ensure smooth running of the code,
which could be rewritten on a more efficient platform for improved efficiency. Opti-
cal background was recorded prior to imaging the embryo for both the multimodal
and monomodal approaches and averaged over 10 frames to smoothen the electronic
noise. Images shown in Figure 6-8 are background subtracted and show a section of
a zebrafish embryo's heart imaged in vivo at 30 fps using multimodal detection (A)
and monomodal detection (B). Blood cells are clearly seen in the ventricle. The ac-
quisition speed was sufficient to capture both blood cells and valves without motion
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Figure 6-8: Comparison of detection sensitivity at 30 fps. Enhanced signal collection
from the multimode fiber (A) provides an increased dynamic range as compared to
the single mode fiber case (B). Scale bar: 50 microns.
artifact. Smaller particles are also seen in the flow in the atrium; however, in the
monomodal image where the sensitivity was compromised due to the fast acquisition
speed, these particles were difficult to differentiate from the noise floor. This lack of
sensitivity adds to the speckle noise artifact present in the monomodal image, which
is consistent with the description from the previous chapter.
To better appreciate the sensitivity of the two acquisition approaches, signal from
to images was measured and compared to background values. Figure 6-9 emphasizes
the signal difference between the two acquisition modes. Once the background is
removed, the useful signal was twice as large in the multi-mode approach than in
the single-mode method, even in the presence of the 50/50 beam splitter (6 dB signal
penalty) that was not present in the single-mode case. The contrast was also evaluated
by measuring the standard deviation of the raw signal and subtracting the standard
deviation of the background. This contrast measurement is plotted as the errorbar
in Figure 6-9. For the single mode case, once the signal is one standard deviation
away from the mean, it is lost in noise (SNR 5 1), while for the multimodal case,
noise dominates at 1.17 times the standard deviation. The improved SNR of the
multi-mode setup not only outlines the importance improved photon collection and
speckle decorrelation provided by this configuration, but also emphasizes a need for
more efficient coupling mechanisms to eliminate the 6 dB penalty in our setup.
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Figure 6-9: Mean intensity for 10 frames acquired with multimode detection (A)
versus single mode detection (B). The error bars represent the average of the standard
deviation present in each image as an estimate of the contrast. Images were digitized
using with 8-bit digitization resolution.
While rate imaging appears to be fast enough to get clear clichs' of blood cells,
the question becomes: is video imaging fast enough for particle tracking. Figure 6-10
shows an image sequence taken from a 30 fps movie of the same embryo. As seen in
frames B-D, blood cells can be tracked as they approach the ventriculo-bulbar valve.
This would allow particle tracking with the caveat that they must remain in the
same plane. As the sectioning is much smaller than the diameter of the heart lumen,
imaging a two dimensional plane at 30 fps is not sufficient for full tracking in a three
dimensional space. In addition to faster imaging, scanning the z-dimension, either
through mechanical means or using interferometric techniques, will be required.
6.4 Wavelength comparison
It is hypothesized that performing confocal microscopy at a wavelength of 1.3 pm
allows one to penetrate deeper in tissue as the scattering coefficients diminish with
longer wavelengths[4]. This has been verified in optical coherence tomography and
6Taken here in its Driginal meaning of a snapshot, not cinematographically speaking.
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Figure 6-10: Quarter second sequence of a video rate movie through a single cardiac
cycle (A-H). Individual blood cells are seen propagating (ellipse) from left to right,
from the bulbus arteriosus, ventricle, atrium and sinus venosus of this 12day old
zebrafish embryo. The atrio-ventricular valve (solid arrow) and the ventriculo-bulbar
valve (dash-dot arrow) are seen opening and closing. The opening between the sinus
venosus and the atrium is seen in a different plane at the location shown by the dotted
arrow.
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is one priciple that justifies the use of two-photon microscopy to image deeper into
tissue. Greater imaging penetration was important to verify with our SECM system,
as the penetration improvement potentially provided by imaging at 1.3 pm, comes at
a cost in resolution as well as many other engineering aspects such as availability of
adequate detectors and microscope objectives.
Measuring the loss of signal from an intralipid bath is not sufficient as it is not the
lack of signal that limits the penetration depth, but the lack of contrast between the
singly backscattered photons and the multiply backscattered background[85]. Instead,
one needs to find strongly backscattering structures embedded within a scattering
medium. The zebrafish embryo provides such a structure. Fixed embryos were imaged
with two laser scanning confocal microscopes: the SECM benchtop system and a
multi-mode laser scanning confocal microscope7 from Professor Charles Lin laboratory
at the Wellman Center for Photomedicine'. In this latter scope, the light source and
detection schemes can be varied from 491nm, 635nm and 785nm. In order to make the
comparison more rigorous, the same microscope objective was used on both systems
[Lomo, 0.9 NA, water immersion lens], the normalized pinhole radius, which affects
the signal to background ratio, was 5.0 in the free space system and 4.4 in the fiber
space system. A running average was performed such that the integration time was
identical (average of 30 frames on the 30 fps free space system and average of 10 frames
on the 10 fps system). Images were acquired every 20 microns in depth and compared
on a side by side basis. Image registration was trivial between the first 3 wavelengths
as the location of the embryo needed not be changed. Precise registration with the
1310nm SECM was more challenging and was achieved for only two of the 6 embryos
imaged, using the face of the coverslip on which the fixed embryo was mounted as a
fiducial marker. Registration is shown for a 5 day old embryo (Figure 6-11) and for
a 12 day old embryo (Figure 6-13). Both embryos were treated with PTU to avoid
development of opaque melanocytes. Mosaics obtained at 100 microns depth with
7J. Veileux, D Cote, J Spencer and CP Lin, Multimodal confocal microscope, manuscript in
prepatation
8Imaging with the multimodal confocal microscope was performed with the help of Joel Spencer,
Wellman Center for Photomedicine
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491 nm 635 nm 785 nm 1310 nm
SBR 1.02 1.12 2.36 3.66
Table 6.1: Signal to background ratio versus imaging wavelength
the SECM system are also presented for orientation.
In the first images of the depth sequence (Figure 6-11B and Figure 6-13B), the
image quality provided by the shorter wavelengths can be appreciated. For a given
numerical aperture, the lateral resolution and sectioning was nearly 3 times better
at 491nm than at 1310nm. The loss in sectioning is particularly apparent as the
brightness of the coverslip contaminates the SECM signal (right column) until nearly
70 microns within the sample. As the depth is increased, the contrast at the center
of the embryo fades progressively (Figure 6-12 and Figure 6-14). The contrast at the
edges remains very strong as the embryo is somewhat cylindrical and the photons do
not have to penetrate the same thickness to reach a depth location in the periphery
of the embryo.
At a depth of 200 microns in the 5-day-old embryo and 240 microns in the 12-
day-old embryo, a bright structure can be seen at the center of the images for all
wavelengths. Although specific identification of that particular structure hasn't been
confirmed as no atlas exists for embryos of this age, the fact that it is present in both
embryos at all four different wavelengths confirms that this structure is real. In the
older embryo, a region of interest of 20X20 pixels was identified at the center of the
bright structure and compared to a region of interest of the same size located above
it. The ratio of the average intensity from both regions is an estimate of the signal
to background ration (SBR) for the four imaging wavelengths. Table 6.1 reports the
values of SBR for the four wavelengths, from which we can see that the contrast at
depth of 240 microns increases with longer wavelength.
In a more qualitative manner, the increased contrast offered by longer wavelengths
can be appreciated at deeper levels. Tubular structures, most likely corresponding
to the embryo's esophagus, are observed by SECM at a depth of 400 microns. In
contrast, images obtained at the shorter wavelengths were unable to provide clear
visualization of this structure.
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Figure 6-11: 11 Mosaic (A) and consecutive depth sections (B) of a 5 day old PTU
treated zebrafish embryo. Left to right, 491 nm, 635 nm, 785 nm and 1310 nm. E -
eye, H - heart, T - tail. Scale bar: 500 microns.
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Figure 6-12: Co-registered depth sections at four different wavelengths.
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This comparison of the different imaging wavelengths was in many ways biased
against SECM. First, the objective's transmission falls below the 50% mark for
1310nm, while being much higher for visible wavelengths. This cannot be com-
pensated by using higher powers as the noise coming from back reflections occurs at
surfaces prior to the microscope objective, resulting in an optical background increase
that is twice that of the sample signal. Sensitivity was also better for the two visible
wavelengths which could count on photomultiplier tubes for detection as opposed to
photodiodes at 785nm and 1310nm. Despite these challenges, imaging at 1310nm
proved beneficial when one is interested in deeper imaging. The gap between near
infrared and visible light will only widen as more microscopy elements are designed
for this part of the spectrum. Companies such as Olympus, Nikon and Hamamatsu
are now paying attention to near infrared wavelengths with commercial devices either
available as prototypes or soon to products.
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Figure 6-13: Mosaic (A) and consecutive depth sections (B) of a 12-day-old PTU
treated zebrafish embryo. Left to right, 491 nm, 635 nm, 785 nm and 1310 nm. E -
eye, H - heart, G-gut, T - tail. Scale bar: 500 microns.
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Figure 6-14: Co-registered depth sections at four different wavelengths.
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6.5 The Drosophila: Contrast and specificity
Another embryological model used in biology is the drosophila melanogaster or fruit
fly. Its widespread usage in biology is due to both its ease in genetic analysis and
its applicability to human biology. Originally chosen for reasons of affordability and
short generation time rather than similarity to vertebrate physiology, the analysis
of the complete Drosophila genome delivered ultimate proof that this model species
is also remarkably similar to humans if shared genes and gene functions are taken
as measure of relatedness[79]. While it might not be obvious -given the differences
between the Drosophila compound eye and the vertebrate lens eye - recent results
raised the possibility that the conservation of animal eye development extends to
processes downstream of eye specification[61]. The fruitfly develops through a series
of specialized postembryonic growth stages. These larval instars lack most elements
of the adult body plan including the compound eyes. The complex transformation
to adult morphology begins in the last larval instar and completes during the resting
stage of the pupa. Observation of these larva stages requires the careful removal of
the opaque pupal case covering the resting developing insect, a process that is ex-
tremely delicate, time consuming and results in the end of the embryo's development.
Figure 6-15 shows an SECM mosaic of a complete pupa obtained thought the pupal
case. Imaging was performed on the embryo without preparation and non-invasively,
thus allowing longitudinal studies to be performed. Well-developed structures could
be identified such as the legs, wing and eye.
Earlier stages were also imaged to assess the endogenous contrast present at
1310nm. In Figure 6-16, one can see two mosaic of the same embryo imaged in
vivo at stage 17 at different depths showing strong contrast from what could be the
gut (A) and the tracheal system (B).
Drosophila embryos are used extensively to shed the light on the apoptosis path-
way. DNA fragmentation indicative of apoptosis begins in nurse cells after the
completion of rapid cytoplasmic transport and increases throughout embryologic
development [32]. During embryonic development, cell death is prominent and widespread
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Figure 6-15: Mosaic of a drosophila pupa trough the case (C) . E - eye, W - wing, L
- Legs. Scale bar: 500 microns.
Figure 6-16: Mosaic of a drosophila embryo at developmental stage 17. The 2 different
depths show structures reminiscent of the I can not stand behind the dorsal vessel!
the gut (A) and the tracheal system (B).
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Figure 6-17: Mosaic of a Stage 13 drosophila embryo. Inset: brightfield microscopy
view of the same sample.
and electron microscopy images have previously revealed the prevalence of apoptotic
bodies in fixed embryos[1]. Figure 17 shows a mosaic from a stage 13 embryo. The
embryo was filled with highly backscattering granules, which could correspond to
apoptotic bodies described in other studies. In order to understand the contrast pro-
vided by SECM in Drosophila, studies must be conducted to correlate image findings
with co-registered fluorescent molecular markers or knockout models.
6.6 Conclusion
While SECM was developed for human imaging, its benefits are significant for inves-
tigating development in small animal models. Strengths of SECM include:
1. Natural contrast imaging - enables longitudinal studies in natural environment
and without alteration of specimen
2. Speed - enables particle tracking in vivo
3. Penetration depth - 1.3 p m wavelength allows imaging deeper into intact spec-
imens
4. Multimodality imaging - can be combined with fluorescent imaging methods at
no or little cost
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6.6. CONCLUSION
Based on these advantages, it is reasonable to assume that reflectance confocal
microscopy and SECM will prove valuable to basic developmental researchers. Future
work to determine the origins of contrast in SECM images and develop combined
modality systems is merited.
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Chapter 7
Dual Clad Fiber for Confocal
Endosopy
7.1 Introduction
Experiments from Chapter 5 confirmed that multimodal detection coupled with single-
mode illumination provided advantages with respect to speckle contrast and signal
collection at a small penalty in optical sectioning. One could envision this dual fiber
approach to be implemented in a handheld device - albeit in a rather bulky way -
but less easily in an endoscope where geometry favors simpler single fiber approaches.
Yelin et al[106] have recently proposed to use a dual-clad fiber for widefield endoscopy
with the same goals of speckle reduction and increased collection signal. Dual clad
fibers have been used for some time is laser technology for more efficient pumping[116]
and differ from regular optical fiber in that they are made of three layers of silica, each
having a different index of refraction. Figure 7-1B shows a diagram of a dual clad
fiber as well as a typical index profile (Figure 7-1C) across the fiber. Many variations
are possible such that one could choose to propagate in the core and clad and or in
the clad only.
Yelin et al[106] used the core of a commercially available dual clad fiber for single
mode illumination of the sample, and the clad for multimodal collection, achieving
specle decorrelation in a compact geometry. Commercially available fibers however
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were not compatible with confocal endoscopy as their clad to core diameter ratio
by far exceeded the limit where optical sectioning vanishes. This chapter' presents
the result from a collaboration with Professor Theodore F. Morse and Dr Roman
Shobochkin from Boston University Photonics Center which was aimed at designing
and testing a dual clad fiber for use in confocal endoscopy.
7.2 Dual clad multimodal propagation
Solving for the dual clad fiber modes involves an additional set of boundary conditions
than was used to describe the multimode fiber. In this section, propagation modes
are solved in order to characterize the fibers influence in speckle reduction and loss
in optical sectioning.
7.2.1 Single mode core propagation
To ensure confined mode propagation in the core of the fiber, the propagation constant
has to obey the inequality
'Adapted from
C Boudoux, D Yelin, R Shobochkin, TF Morse, BE Bouma, and GJ Tearney. Dual-clad
fiber for specrtally encoded confocal microscopy, SPIE Photoncs West, January 2006
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n2ko < # < niko (7.1)
In this case, the solutions for the field distribution are given by
E (r < a, #, Z, t) = A J, (hir) e"4o exp [?i (wt, - /3z)]
E (a < r < b, #, z, t) = BK (q2 r) e 1e exp [i (wt - #z)] (7.2)
E (r > b, #, z, t) = CK (q3 r) ei1o exp [i (wt - /3z)]
with
h 2 = k 2 -#/(2
q = #2 - k2 (7.3)
2 = /32 - k2
where the indices correspond the fiber area as shown in Figure 7-1. To simplify the
calculation of boundary conditions, as the mode amplitude exponentially decays in
the inner cladding area, the assumption is made that it is null at r = b, such that the
boundary conditions are reduced to the same as for a single mode fiber
B =AJi(hi a)KI (q2a)
B = (hlr)/dr (7.4)
dKi (q2 r)/dr 
=-a
7.2.2 Multimode inner clad propagation
The mode propagation constants for propagation in the inner clad are restricted to
these values
n3ko < < n 2ko (7.5)
As for the multimodal approach, Bessel (oscillatory) and modified Bessel (decaying)
of the first and second kinds are considered and solutions exploding at zero or at
infinity are eliminated yielding
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E (r < a, #, z, t) = AJI (hir) e00 exp [i (wt - Oz)]
E (a < r < b, #, z, t) = [BJI (h2r) + CY (h2r)] e00 exp [i (wt - Oz)] (7.6)
E (r > b, #, z, t) = DKi (q3r) e00 exp [i (Wt - 0z)]
Finding constants A, B, C and D require solving boundary conditions at r = a
and r = b. At r = a
AlJ (hia) = [BJI (h2a) + CY (h2a)]
d[AJI(hir)] 
_ d[BJ(h 2 r)+CY(h 2r)]
dr dr
and at r = b
[BJ 1 (h2b) + CY (h2b)] = DKI (q3b)
d[BJj(h 2r)+CY(h 2 r)] _ d[DKI(q 3 r)] 7.8
dr Lb dr r=b
The derivative in equations 7.7 and 7.8 can be re-expressed into higher orders of
the Bessel function, which allows elimination of constants A and D and to obtain two
relations between B and C as a function of the propagation constant 0.
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7.3. INNER CLADDING VERSUS MULTIMODE FIBER
Figure 7-2: Mode comparison for dual-clad fiber (top-row) and multi-mode fiber
(bottom-row) for indicated I and m values. Black circles indicate fiber radii.
7.3 Inner cladding versus multimode fiber
Numerical solutions to the transcendental equations yielded values of 3 for different
values of I and m were obtained for a weakly guiding2 dual clad fiber having identical
numerical apertures (NAcore = NAcaa = 0.12) and a clad to core diameter ratio of
4. Modes were then compared to that of a multimode fiber with similar NA and
whose core diameter was that of the inner clad of the dual clad fiber. Comparison
between selected modes is presented in Figure 7-2 for identical sets of I and m values.
Although the core of the dual clad fiber seems to induce a slight modal compression
along the tangential direction, the modes are essentially the same as if the size of the
core and its low index difference merely induced a perturbation in the larger potential
well of the inner clad. This result indicates that depending on where the cutoff falls
2i.e. where the difference in index of refraction between the core and the cladding is small
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Collimating lens Core Inner clad Clad
Diameter(MFD) 7.18pum 29.1pm 125pm
(8.6pm)
NA 0.123 0.124 -
V parameter 2.4 8.72 -
Modes 1 15 -
Table 7.1: Dual clad fiber parameters
with respect to the physical dimensions, approximating the inner clad as a multimode
fiber with the same radius and NA as the inner clad would result in an error in the
number of modes of 1 (2 when accounting for both polarization). The error drops as
the clad to core diameter ratio increases.
7.4 Customized dual clad fiber for confocal en-
doscopy
Using results from this simulation and precedent experimental results with intralipid,
a dual clad fiber with a clad to core diameter ratio of ~ 4 was drawn. The major
source of noise in a confocal system being the specular backreflections, a fiber whose
cladding had a larger NA could not be polished as the inner clad would accept light
that the core angle polish would reject. For this reason, it was decided that the NA
of both the core and the inner clad should be identical, and furthermore, less than
0.2 such that the polishing angle woundn't be too steep nor deviate too much from
the standard 8 degrees. After a few iterations, physical and engineering constraints
were reconciled to yield the parameters shown in Table 7.1.
7.4.1 Coupling mechanisms
Figure 7-3 shows the apparatus used to couple light in the core only of the dual
clad fiber, and subsequently into the confocal imaging system. Light from a single
mode fiber (SMF28, 8.6pim mode field diameter and 0.11 NA) was expended using a
f = 11mm collimating lens and separated by a 50/50 cubic beam splitter (Edmund
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Sinole Mode lilumination
DCF SMFs1....
Sample
Figure 7-3: Coupling light from a single mode fiber (SMF) coupled laser to the
confocal microscope through the core of the dual clad fiber (DCF). B/S - beam
splitter. Fiber sizes exaggerated for illustration purposes.
AB
Figure 7-4: InGaAs camera view of the dual clad fiber end when light is coupled
in the core (A) and inner clad (B). Radius of the fiber outer clad not seen at this
magnification.
Optics, AR coated). An f = 11mm aspheric lens is used to couple light into the core
of the 8 degree angle cleaved dual clad fiber. Micro-positioners were used to maximize
transmission. Coupling to the fiber core was verified with an InGaAs camera imaging
the fibers's end with high magnification.
Figure 7-4 illustrates the quality of coupling that was achieved after testing many
asphere/collimator combinations to maximize the match between the incoming beam
profile and the fundamental mode of the dual clad fiber.
After coupling verifications, the distal end of the dual clad fiber was coupled to
the benchtop confocal microscope, simplified in the schematic as a collimating lens
and a microscope objective. The scrambled wavefront reflected from a diffuse sample
was imaged onto both the core and the clad of the dual clad fiber. The light beam
was again separated by the beam splitter which projectes the wavefront onto -1- a
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Figure 7-5: Separation of tissue backscattered light into single and multimode light.
SMF - single mode fiber, MMF - multi mode fiber, B/S beam splitter.
single mode fiber, for coherent collection and -2- a multimode fiber supporting a much
larger number of modes for partially coherent detection, as shown in Figure 7-5. Both
fibers were then imaged onto a detector whose area was much larger than the beam
size produced by either fiber.
7.5 Results
To compare the dual clad fiber imaging scheme to the single-mode / multi-mode ap-
proach, the same sample of intralipid was imaged and results acquired in the same
manner as described in Chapter 5. Speckle contrast from the clad collection was com-
pared to that of the core and similarly for optical sectioning, measured by scanning
a coverslip through the focus. Results for the dual clad specified in Table 7.1 are
reported in Figure 7-6. While speckle decorrelation behaves as predicted by theory,
the optical sectioning loss was much stronger that when using two independent fibers.
The stronger loss of optical sectioning capability could be due to light leaking into the
cladding as a result of imperfect matching of the coupling parameters, as observed in
Figure 7-4, and/or to a similar leakage from core of the fiber to the inner cladding
upon fiber bending.
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2 4 6 6 10 12 14 16 18
Number of collected modes
Figure 7-6: Intralipid imaging with core (A) and inner clad (B)
Speckle contrast and optical sectioning of multimodal imaging
compared to the core (C).
Figure 7-7: Lens paper fibers imaged with core (A) and
Field of view 500 microns.
of a dual clad fiber.
through cladding as
clad (B) of dual clad fiber.
Images of structured samples were also acquired. Signal from lens paper (Figure 7-
7) and biological tissue (Figure 7-8) was obtained though the inner cladding and core
and compared. The only difference in the optical setup was that the beam splitter
was removed from the coupling path in the single-mode case. As a result, the signal
intensity of the inner cladding case was attenuated by 6dB due to the beam splitter.
For both the paper and the thyroid sample, images acquired with the inner
cladding were less granular, although this could be the result of speckle decorre-
lation as well as a 15% loss in lateral resolution, as measured with a resolution target.
The differences between the core and inner cladding images were not as striking as
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Figure 7-8: Excised thyroid sample imaged with core (A) and inner cladding (B) of
dual clad fiber. Field of view: 500 microns.
for the two fiber approach. These results may be explained by the fact that the
two-fiber method averaged over five more modes than the inner cladding case. In
addition, specular reflections in the dual-clad fiber approach were more difficult to
overcome, resulting in a decreased dynamic range. Nevertheless, the improvement
demonstrated by the first attempt at dual clad imaging could be clinically significant
as the nuclei at the periphery of the thyroid follicle shown in Figure 7-8 were more
readily recognizable, in both static and dynamic images of this tissue.
7.6 Discussion
In this chapter we have developed a formalism for understanding modal propagation
in dual clad fibers and the relevance of this theory for confocal microscopy. First
results obtained with a novel dual clad fiber demonstrated a significant improvement
in speckle contrast that was confirmed in phantoms and human tissue. As such, this
work represents an important step towards implementing a single fiber approach for
multi-mode confocal microscopy and resultant speckle reduction. Future work will
generate a second generation of dual clad fibers that support more modes and dimin-
ish core-inner cladding leakage. Enhanced coupling mechanisms that do not incur
the 6dB coupling penalty of the 50/50 beam splitter will also enhance performance
considerably.
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Chapter 8
Handheld SECM probe for
pediatric vocal fold evaluation
This chapter describes the development of a novel spectrally encoded confocal mi-
croscopy handheld instrument designed to be used in the operating room for in vivo
real-time histological assessment. The probe, which could also be used for in vivo
tissue identification, as shown in Chapter 4, was designed to address another clini-
cal problem: the understanding of pediatric vocal fold development. This chapter is
divided into two main sections. The first onel explores the clinical application for
which the probe is designed and presents preliminary ex vivo data to verify SECM's
suitability for laryngeal imaging. The second presents the novel handheld probe for
rapid in vivo imaging, the intraoperative cart as well as preliminary in vivo images
of human skin.
'Adapted from
C Boudoux, WY Oh, A Desjardins, BJ Vakoc, BE Bouma, CJ Hartnick, GJ Tearney. Clini-
cal microscopy techniques for the study of the pediatric vocal fold development. SPIE Photonics
West, January 2007
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Figure 8-1: Sagittal (A), coronal (B) and axial (C) cross-sectional schematics of the
human larynx showing the location of the vocal folds (dotted arrow). Images are
reproduced from Gray's anatomy, published online at www.bartleby.com/107/
8.1 Vocal folds
The vocal folds, also known popularly as vocal cords, are composed of twin in-
foldings of mucous membrane stretched horizontally across the larynx. They vibrate,
modulating the flow of air being expelled from the lungs during phonation. Cords
in both sexes are ligaments within the larynx. They are attached at the back (side
nearest the spinal cord) to the arytenoid cartilages, and at the front (side under the
chin) to the thyroid cartilage. Their outer edges, as seen in Figure 8-1, are attached
to muscle in the larynx while their inner edges, or margins, are free. They are con-
structed from epithelium, a layered lamina propria and a muscle layer, namely the
vocalis muscle which tightens the front part of the ligament near to the thyroid car-
tilage. Seen from the mouth using a laryngoscope - a view similar to that seen in
Figure 8-1C - they are flat triangular bands and are pearly white in color; whiter
in females then they are in males. The vestibular fold or false vocal cord is located
above both sides of the vocal cord and is separated from the true fold by a small sac
the ventricle.
The modern description of the microanatomy of the human vocal folds has been
properly attributed to Dr. Hirano with his seminal work in 1975 entitled "Phono-
surgery: Basic and Clinical Investigations" [45]. In this work, Hirano described the
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lamina propria of the adult vocal fold as a trilaminar structure comprising the super-
ficial, intermediate and deep layer[40].
The development of the lamina propria into its mature trilaminar structure bears
important consequences with regards to the ability to phonate and to engage in
complex speaking and singing tasks. The dynamic range required by a newborn to
cry audibly is smaller than that required by an infant learning to speak, and smaller
even than that of a more mature individual carrying a complex conversation conveying
both words and emotions. Following this reasoning, it has been hypothesized that
the development of the vocal cord microstructure is shaped by the tasks that are
required.
Hartnick et al. recently published on the first detailed histopathologic evalua-
tion of the developing pediatric vocal fold anatomy by looking at pediatric cadaveric
larynges[42]. This study found that the vocal folds of neonates are characterized by
a single hypercellular layer throughout the lamina propria, which by 2 months of age
exhibits differentiation into a bilaminar structure of distinct population densities. In
subsequent years, the vocal folds progress through further stages of differentiation but
it is not until 13 years of age when a fully developed trilaminar structure is observed.
Although these results clearly indicate that microphonosurgical procedures that have
been developed for treating pathologies in adult vocal folds cannot be directly trans-
lated to children, the study was significantly impaired by processing artifacts and the
fact that many of the children had been intubated and had suffered vocal fold trauma
from emergency medical procedures. Additionally only 31 specimens were available
for examination, therefore limiting the conclusions that could be drawn regarding
changes occurring during specified age periods, differences between genders and dif-
ferences amongst various ethnicities. The tantalizing findings of this recent study,
despite the limitations and challenges of post-mortem evaluation, clearly indicate a
pressing need for a technology capable of non-invasively imaging the vocal fold struc-
ture in vivo. Based on the experimental results presented in the previous chapters of
this dissertation, we anticipate that SECM may represent a break-through technology
for vocal fold research.
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We further anticipate that SECM may provide an important clinical capability.
Adult microphonosurgical techniques to care for both pathology from vocal strain
or laryngeal cancer are predicated upon the ability to operate at the interface of the
epithelium and the superficial lamina propria as well as to identify the discrete, deeper
layers of the lamina propria. SECM may provide an improved method for resolving
anatomical elements of the lamina propria, which will enable improved guidance of
pediatric surgical procedures.
To test the feasibility for SECM to image the layered lamina propria structure of
vocal fold, porcine vocal folds were harvested and imaged and image findings were
correlated with histopathology. As it is unknown that the pig and human share the
same vocal fold microstructure, human pediatric cadaveric larynges were also exam-
ined, again both by SECM and by standard histologic evaluation. Finally, a larynx
specimen, freshly discarded from a pediatric laryngectomy for chronic aspiration was
evaluated by the same two techniques. The results of these pilot studies are described
in the following sections.
8.2 Imaging of porcine vocal folds
For the following studies, porcine vocal fold specimens were obtained en bloc within
4 hours post-mortem from an abattoir. The specimens were packaged on ice so as to
retain hydration but were not immersed in water. For imaging, the specimens were
opened longitudinally and laryngeal cartilage was pinned to a substrate to expose
the vocal folds. SECM imaging was performed using the bench top instrument de-
scribed in Chapter 5 over the course of 20 minutes. Immediately after imaging with
SECM, the specimens were marked with ink to denote specific locations for histologic
processing and were immersed in formalin en bloc. Following fixation, the specimens
were prosected to yield individual fields for sectioning and histology.
Figure 8-2 shows histology sections stained with H&E (Figure 8-2A) and trichrome
(Figure 8-2B), demonstrating clear demarcation between the epithelium, the lamina
propria and the muscularis layer. SECM images (Figure 8-2C-F) were acquired en
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face at depths that were recorded with respect to the lower surface of the coverslip.
The locations shown here correspond to the transverse bars on the cross sectional
histologies. The epithelium (Figure 8-2C) is clear under SECM imaging. Application
of a weak solution of acetic acid (Figure 8-2D) enabled clear visualization of the
epithelial nuclei[21]. The superficial lamina propria, imaged with SECM at a depth
of 100 microns, had a larger intrinsic contrast and in Figure 8-2E, fibers and nuclei
can be seen. These fibers could either be collagen or elastin fibers, which are known
to be present in the superficial lamina propria and are visible in the corresponding
trichrome section. The fibers became thicker and less organized at a depth of 150
microns (Figure 8-2F). This change in architecture could represent the beginning of a
second lamina propria layer, which is seen to occur deeper in both histology sections.
This depth discrepancy may be the result of tissue tissue shrinkage, which is known
to occur during formalin fixation.
8.3 Cadaveric specimen
Over a period of 6 months, 4 cadaveric pediatric vocal fold specimens were made
available for imaging. Although this is a positive statement regarding the quality
of care in the hospitals of the Boston area, the relative paucity of pediatric cadaver
specimens emphasizes the rationale for developing tools for evaluation of vocal folds
in vivo. Figure 8-3 shows cross-sectional histology (H&E - A, Trichrome - B) of an
immature vocal fold whose lamina propria has only differentiated into two layers.
SECM imaging at 50 microns shows a transition between the epithelium layer and
the superficial lamina propria. Thin, highly contrast-rich fibers are seen up to depths
of 100 microns, after which the fibers become larger and lose their linear orientation.
From these depth sections, it is possible to observe the transition between layers of
the lamina propria and estimate the thickness of the upper layer to ~150 microns,
a thickness that is consistent with histology. A similar measurement in vivo would
require the implementation of a depth control mechanism such as the one presented
by Carlson et al[18].
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Figure 8-2: Porcine vocal fold microanatomy seen with H&E (A) and Trichrome (B)
stained histology sections, and with SECM as depths of 50 (C - without acetic acid
and D - following application of acetic acid), 100 (E) and 150 (F) microns. Ep -
epithelium, LP - lamina propria, M - muscle layer. Scale bar: 100 microns.
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Figure 8-3: Pediatric vocal fold microanatomy seen with H&E (A) and Trichrome
(B) stained histology sections, and with SECM (depths indicated in microns in upper
left hand corner of each image). Scale bar 100 microns. TF - true vocal fold, V -
ventricle, FF - false vocal fold, Ep - epithelium, LP1 - superficial lamina propria, LP2
- intermediate lamina propria. Scale bar: 100 microns.
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Imaging of excised specimens must always be evaluated in light of potential post-
mortem alterations in tissues that can significantly affect tissue optical properties.
The contrast in reflectance confocal microscopy depends in the difference in refractive
index between nuclei, cell membranes, cytoplasm and surrounding extracellular fluid.
This very small difference rapidly vanishes with tissue dehydration as the protein
concentration changes with water evaporation. While best efforts were made to keep
the specimen surrounded by an isotonic solution of phosphate buffered saline, vocal
fold specimens were found to degrade very rapidly, deteriorating the image quality.
Samples that were imaged sooner after excision yielded better results, while one
sample which was imaged by SECM later to accommodate imaging with other optical
modalities, yielded images with no contrast.
8.4 Laryngectomy specimen
Our hypothesis that fresher samples would exhibit greater imaging contrast was con-
firmed with the imaging of a laryngectomy specimen. Figure 8-4 shows an SECM
mosaic of an entire pediatric true vocal fold specimen, reconstructed from -400 in-
dividual images.
While the dish containing the specimen was kept at a constant distance from
the objective, the imaging depth was deeper in the center (~100 microns) than at
the edges where epithelial cell membranes could be observed in the yellow square, for
instance. The curvature of the sample is responsible for the cross-sectional appearance
of the imaging at the left rim of the sample where the signal-weak epithelium exhibits
high contrast with the fibers of the basement membrane and upper lamina propria.
The signal from these structures saturated the detector despite being located at a
depth between 50 and 100 microns.
Two depth sequences were acquired at locations indicated with the yellow and
orange squares. The organization of the thin and bright collagen fibers was seen
to vary with location, but remained constant with depth. The image quality was
preserved at depths up to 350 microns, after which the signal-to-background ratio
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Figure 8-4: SECM Mosaic and depth sections of a larngectomy sample. Section depth
indicated in microns at the upper left hand corner of each square image. Scale bar:
100 microns.
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became 1. This is an improvement of 100 microns over cadaveric samples.
8.5 SECM handheld probe
The imaging of ex vivo specimens, for both vocal fold evaluation and intraopera-
tive tissue identification, highlighted the need for a probe that would provide image
quality comparable to that of the bench top sample. While a compromise in image
quality could have disastrous repercussions, the geometry of the surgical field can
be exploited to relax some engineering constraints. For endoscopy, one is limited by
an in-line geometry where both the diameter and the rigid length have to be kept
to a minimum to allow passage through the body sinuous tracts. An inline SECM
probe has previously been demonstrated using a prism-grism combination[73]. While
this design successfully yielded images from a potentially very compact instrument,
it suffered from two intrinsic limitations. First, unless the "prism-GRISM" (a.k.a.
prism-grating-prism) assembly is substantially larger than the beam diameter, the
ray bending within the prism necessary to obtain a Littrow configuration on the grat-
ing causes significant beam clipping. This wavelength dependent clipping not only
results in photon losses but also in resolution degradation from non-uniform illumina-
tion of the microscope objective back pupil. This effect is amplified by the scanning
of the light beam, which-unless the prism-grism is rotated upon itself - is performed
in two different planes that are not imaged into the objective pupil. This results in
additional wavelength-dependent beam walkoff and clipping. While remedies exist,
they require the addition of telecentric lenses, which would cause prolongation of the
endoscope rigid length and increase the diameter.
For intraoperative applications where the confocal probe can be hand held, the
requirement for in-line optical propagation is relaxed. As a result, the grating can be
illuminated off axis, resulting in fewer aberrations and less clipping than the prism-
GRISM design. Figure 8-5 shows the SECM handheld probe that was designed for
intraoperative tissue identification and vocal fold imaging. A high density holographic
grating (Wasatch Photonics, Logan, UT, 1110 lines/mm, AR-coated, 5-mm substrate)
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Figure 8-5: Ray tracing (A), solid modeling (B) and photograph (C) of the SECM
handheld probe for in vivo imaging. The probe shown in C has a diameter of 13 mm
and a length of 22 cm.
cut into a 10 mm x 7 mm rectangle but otherwise identical to the grating used in the
benchtop system was mounted on a small galvanometer with a custom machined and
balanced mount (Cambridge Technology, Cambridge, MA). The rotation of the grat-
ing provided by the galvanometer allowed slow scanning to be performed in the same
axis as the scanning provided by the grating. This pivot point was in turn imaged
using a telecentric telescope onto the microscope pupil to provide full illumination of
the microscope objective back aperture, without having to sacrifice photons.
This new design offered the advantage to be modular and easily customizable for
different applications. By adjusting the telescope ratio and the focal length of the
collimator, the pupil of any objective can be uniformly filled. The field of view can
be varied using different angular deflections. The current probe is built out of a
common cage assembly with the exception of the tube containing the telescope lenses
and the microscope objective, which was built of stainless steel, can be separately
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Figure 8-6: In vivo imaging of the author's skin using the handheld SECM probe.
Stratum corneum and hair follicle (A), stratum reticulum (B) and deeper dermal
papillae (C) are seen in addition to blood cells inside capillaries (arrow) which were
identified from their pulsatile motion.
sent for sterilization and reassembled with the handle in the operating room. The
handle, containing the delicate galvanometer-grating ensemble, is simply covered with
a sterile plastic bag upon introduction to the sterile field.
The objective lens, which ultimately dictates the diameter of the insertion tube,
consisted of an off the shelf microscope objective (LOMO, 0.9 NA, 30x Water immer-
sion lens) which was stripped of its superfluous casing as was performed by Pitris et
al[73]. In this way, a 0.9 NA imaging system can be built with an outer tube diameter
of 16 mm 2 and a 0.75 NA system with an outer tube of 13 mm. While the diameter of
the 0.9 NA system is adequate for intraoperative parathyroid imaging, the evaluation
of pediatric vocal folds is performed through a laryngoscope, which limits the allowed
diameter to 13-mm.
Figure 8-6 shows images acquired in vivo for the first time through a handheld
SECM system. The lenses of this first prototype, were chosen to accommodate a 0.9
NA microscope objective (LOMO, 0.9 NA, 30x Water immersion lens): the collimat-
ing lens (Edmund Scientific, f=35 mm, AR-coated mounted in a custom Oz Optics
fiber assembly) produced a beam diameter of 7 mm at 46.2 degrees (i.e. Littrow
2Pitris et al demonstrated a 10 mm tubing with a the same 0.9 NA system, but this required
grinding down the inner casing as well, which adds uncertainty regarding the alignment of the
individual components of the microscope. In the spirit of trying to achieve the best imaging, the
inner casing was preserved at the cost of a wider instrument.
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Figure 8-7: SECM cart (A) and packaged tuning source (B)
configuration for a 1110 lines/mm grating at 1300 mn) on the grating. A telecen-
tric telescope (f1=20 mm, f2=30mm, both NIR AR-coated achromats from Edmund
Scientific) magnified the beam diameter to 10.5-mm, which overfilled the 9-mm back
pupil of the objective. Depth focusing was provided by moving the ensemble formed
by the telescope and the objective with respect to an imaging window that was held
fixed in space through an outer tube. Simulations showed that this scheme affects the
image quality much less than moving the fiber with respect to the collimating lens,
as the latter approach changes the wavefront at the pupil. With this depth focusing
mechanism, images could be sequentially acquired in human skin from the superficial
stratum corneum to the superficial dermis where capillaries could be observed. Image
quality was comparable with that observed in Chapter 3 with the benchtop system.
8.6 In vivo study and future work
Based on the promising results presented above, a protocol was prepared for the imag-
ing of pediatric patients in the otolaryngology practice of Dr Christopher J. Hartnick,
MD, of the Massachusetts Eye and Ear Infirmary. To facilitate clinical imaging a new
SECM system was engineered for operation from a portable cart (Figure 8-7). The
cart included a computer for image acquisition and real-time display, power supplies
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and controllers for the probe and a packaged version of the wavelength -swept laser
(Figure 8-7B). Electrical power was supplied to the cart via an isolation transformer
to ensure low leakage current and adequate resistance to ground. Institutional review
boards at MGH and MEEI as well as the MIT's committee for use of humans as
experimental subjects (COUHES) are currently reviewing the protocol whose goal
is to perform a pilot study to test SECM's ability to perform imaging of pediatric
vocal folds in vivo. The protocol revision is in its final stage which involves imminent
inspection by the biomedical engineering department and patients are expected to be
enrolled soon.
Future work involves the development of a smaller, side looking probe that will
allow imaging of the younger segment of the pediatric population. This will require a
simple modification of the lens tube to replace the wide, multi-component microscope
with a single thin aspherical lens (Figure 8-8A). Recent developments have produced
lenses with small diameters and relatively high numerical aperture, which make them
compatible with confocal endoscopy. The main disadvantage of these lenses is their
poor performances off axis. While this would limit the field of view from scanning at
restricted angular deviations, some lenses have a long working distance which obviates
the need for large angle scanning.
Figure 8-8B shows the performance of a particular aspherical lens (Geltech, NA=0.62,
clear aperture=5mm) placed at the end of the SECM imaging system and scanned at
different angles. A scanning angle of +/- 1.50 degrees combined with a focal length
of 4 mm provides a field of view of 200 microns with minimal resolution loss at the
edges, according to the results of a Zemax simulation. Preliminary imaging with an
aspherical lens was performed on onion skin (data not shown here) and compared
to images taken with a 0.75 NA objective. While the latter provided better signal
collection, the use of aspheres allows confocal imaging to be performed in confined
spaces and according to specific geometries that cannot be addressed otherwise.
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Figure 8-8: Proposed design (A) for a side-looking SECM attachment for pediatric
vocal fold evaluation using an asphere (As) as imaging lens. Proper choice of as-
phere makes off-axis wide field imaging feasible with near diffraction-limited perfor-
mance(B). M-mirror, T2 - second lens of the probe's telecentric telescope.
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Chapter 9
Concluding Remarks
9.1 Summary
This work establishes SECM as an important candidate to perform histological eval-
uation in vivo. The unique contributions of this thesis consist in demonstrating that
SECM can be performed at high frames rates while achieving high resolution, sen-
sitivity and contrast, and that its image quality and acquisition rate rivals that of
the best table top systems, even in its endoscopic implementation. These realizations
were achieved through the following steps:
o Conception of novel wavelength-swept lasers specifically for biomedical imaging
using SECM which allows video rate imaging with high spectral resolution and
background suppression[111, 110].
o Design and implementation of a wavelength-swept SECM prototype table top
system for image characterization[14, 15].
o Evaluation of SECM's potential for tissue identification through comparison
with the current gold-standard, histopathology[12].
o Characterization and attenuation of speckle noise through modeling and ex-
perimental simulations towards reducing the gap between fiber based confocal
microscopes and free-space systems.
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" Assessment of SECM's aptitude as a tool for fundamental research in develop-
mental biology and comparison with systems operating at different wavelengths[109,
108, 107].
" Design, implementation and characterization of a novel dual clad fiber for con-
focal endoscopy to allow the transfer of speckle attenuation techniques from the
table-top system to the clinical prototype[13].
" In vivo imaging with a clinical SECM system comprising a compact, portable
cart and a novel handheld probe designed for pediatric vocal fold examination[1 1].
9.2 Clinical significance
Over the past 5 years, the field of confocal endoscopy has been in rapid expansion:
prototypes as well as commercial systems found their way from the benchtop to the
bedside for a variety of clinical applications. In this very stimulating environment,
researchers in both academia and industry were forced to constantly re-evaluate their
particular approach and compare it to other technologies. While a typical engineer-
ing approach would be to compare all technologies in a table containing figures for
resolution, field of view, depth of penetration, number of resolvable points and other
relevant parameters, translation of other technologies to the clinics shows that a bet-
ter approach would be to evaluate confocal endoscopes with respect to the desired
solution to a clinical problem. The following discussion attempts to evaluate the need
for confocal endoscopy, in general, and SECM, in particular, for screening, detection,
treatment and understanding of cancer.
9.2.1 Screening and staging of early stages of cancer
The current gold-standard for detection of malignant and pre-malignant lesions con-
sists in performing histologic evaluation of a biopsied sample, collected under endo-
scopic guidance for hollow organs. Evaluation of the specimen is performed under
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light microscopy using a vast assortment of stains which increase contrast and speci-
ficity. Using this technique, lesions are identified and graded according to the level
of differentiation from normal tissue, a process which can be performed relatively in-
expensively and within days. The technique poses, however, the following problems.
Depending on the organ site, the risk associated with tissue excision varies from
moderately to prohibitively risky. In addition, as biopsies are performed without a
priori knowledge of the tumor location, sampling of the wrong location frequently
leads to false negative diagnoses. To accommodate for this problem, frequent endo-
scopic surveillance and multiple non-targeted biopsies are recommended for screening
of patients known to be at elevated risk, increasing the cost and morbidity associated
with cancer detection and decreasing patient compliance. The penalty per detected
cancer is particularly high when this regimen is applied to diseases such as Barrett's
esophagus, which for a small fraction of patients is a known precursor to esophageal
adenocarcinoma.
Non-invasive cellular and sub-cellular imaging with confocal endoscopy is seen
as a potentially viable strategy in cancer screening and surveillance. As this would
represent a major paradigm shift in the medical community, it is not enough that
confocal endoscopy be as good as histology, it must in addition address some, if not
all, of the issues associated with biopsies. For each application, the following questions
must be addressed: is confocal endoscopy providing more than a marginal advantage
and if so, which technology is the most appropriate. The following discussion considers
three distinct cases.
1. Esophageal adenocarcinoma: Worldwide, most cancer of the esophagus are
of squamous origin, however, in the United States, squamous cell carcinoma
and adenocarcinoma exhibit comparable incidence rates[23]. A known precur-
sor of the disease is called Barrett's esophagus, a complication of long-standing
gastroesophageal reflux in which the distal squamous mucosa is replaced by
metaplastic columnar epithelium as a response to prolonged injury. This work
identified SECM as a candidate to perform Barrett's esophagus screening and
surveillance by showing its ability to differentiate between different tissue ar-
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chitectures at the cellular level (Figure 5-10). These histology-like images re-
sult from SECM's ability to resolve a high number of points while attenuating
speckle, two characteristics distinguishing single-fiber based systems from sys-
tems that use fiber bundles1 . All the current confocal endoscopes, however,
share with biopsy-based techniques the limitation that they "sample" a rela-
tively small area of the organ. In its current implementation, the field of view
of SECM, twice as large as that shown by alternative approaches, offers only a
marginal advantage. However, the very high line rate achievable by this scan-
less platform (up to 115,000 lines per second using the fastest wavelength-swept
source) make it suitable to obtain a comprehensive view of the organ. At this
speed, and assuming 1 pm resolution, a 15-cm long, 4-cm diameter cylindrical
image could be obtained in 5 minutes. The entire area of the esophagus prone to
develop adenocarcinoma could therefore be sampled at several different depths
in less than 20 minutes, providing physicians with a non-invasive truly com-
prehensive histological dataset. This helicoidal-SECM scan was demonstrated
recently by Yelinet al[105] using a rotating, side-looking probe whose diameter
was kept small using an aspheric lens as a microscope objective.
2. Colorectal adenomcarcinoma: Adenocarcinomas represent 98% of the can-
cers of the large intestine[24]. While the disease has a slow progression and
is generally curable by resection at early stages, deaths associated with this
disease account for 10% of all cancer-related deaths in the United-States. Col-
orectal cancer symptoms, such as fatigue and weakness, develop insidiously and
frequently have been present for years prior to diagnosis. As colorectal cancer
is such a prevalent disease in North America and Eastern Europe (a 10-fold
increase in comparison with rates found in Mexico, South America and Africa)
screening colonoscopy is recommended every decade for patients over the age
of 50 years old, with the hope of finding cancer precursors before adenocarci-
noma develops. Polyps, folds of tissue that protrude into the lumen of the gut,
'In theory, dual clad fiber bundles could be made however, the increased separation between the
fiber cores would reduce the number of imaged points to an impractical number
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are classified as non-neoplastic polyps, which do not have malignant potential,
and adenomatous polyps which are true neoplastic lesions and are precursors of
carcinoma. As the distinction between the two classes is based in histological
features, confocal endoscopes could be used in vivo to verify the nature of a le-
sion without biopsy. This approach would be most relevant in cases where many
polyps are identified by endoscopy. In addition to providing high resolution and
good image quality, confocal endoscopes must be compatible with the instru-
ment channel of commercial endoscopes. This constrains the diameter and rigid
length of the instrument and its flexibility. Optiscan and Pentax joined efforts
to produce such an instrument based on a single optical fiber for maximum flex-
ibility and a set of orthogonal microscanners moving the fiber tip in front of the
imaging lens. The upper limit in the scope diameter, which should have been
that of the instrument port diameter, was by-passed by putting the lens outside
of the endoscope, as an extension at the distal end of the instrument. This
solution, which could also be applied to an SECM based instrument, allowed
imaging with a high NA, but came at the cost of blocking the instrument port.
Imaging yielded stunning images of normal and dysplastic colonic mucosa, but
a poor sensitivity to predict high-grade dysplasias due to technical difficulties.
While a faster acquisition (30 full frames per second for SECM versus 0.8 full
frames per second used in the study) might improve this figure, the sensitivity
and specificity of a confocal endoscope would have to become exceptionally high
to replace histology as a diagnostic tool. The risk of leaving a dysplastic lesion
after a false negative diagnosis outweighs the risk associated with resection,
except in patients with a large number of dysplastic polyps due to genetic pre-
disposition or inflammatory bowel disease. Confocal endoscopy is more likely
to be an adjunct to biopsies in the diagnosis of colorectal adenocarcinoma and
will probably play a greater role in inspecting tumor bed for residual signs of
cancer after endoscopic resection. Fast imaging methods with high resolution
and contrast, such as SECM, are expected to play an important role in the
inspection of tumor margins, especially where the incentive to preserve healthy
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tissue is high.
3. Cervical cancer: "No form of cancer better documents the remarkable ef-
fects of prevention, early diagnosis and curative therapy than does cancer of
the cervix" [25]. Fifty years ago, carcinoma of the cervix was the leading cause
of cancer-related deaths in women in United States: it has now decreased by
two thirds, falling to the 8th position. Much credit for this advancement belongs
to the effectiveness of the screening test for cervical precancerous conditions:
a cytologic test named after its inventor Dr Papanicolaou. The exquisite sen-
sitivity of the "Pap" smear allows detection of nearly 1 million precancerous
conditions of varying grades yearly. While it is an exquisite screening test, its
low specificity results in a large number of false positive diagnoses and requires
further examination through cycles of additional Pap smears, colposcopy and
biopsy examination. As a result, the cost and morbidity associated with each
detected cancer is very high. Cantor et al[17] showed that adding a non-invasive
real-time optical method to the standard colposcopy exam decreased the cost
associated with cancer screening as one visit was necessary to both diagnose
and treat the lesion. While the cost diminution was small, another advantage
of the see-and-treat approach is patient compliance with follow-up visits, which
plays an important role in developing countries where distances separating pop-
ulations and specialized clinics are large. For a clinical confocal microscope to
play a role in the diagnosis of cervical cancer, the instrument must be inex-
pensive, simple and robust while being able to discriminate between normal
epithelium dysplastic epithelia. Confocal endoscopes based on fiber bundles
and coupled with inexpensive injection-molded plastic objectives were shown
to allow differentiation between normal and dysplastic tissue using the nuclear
to cytoplasmic ratio as a marker of abnormality. While any contribution that
confocal endoscopy will have in the management of cervical cancers will proba-
bly be eclipsed by the recent discovery of a vaccine, the discussion can easily be
transferred to oral cancers responsible for a high mortality rate in the African
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and Asian continents.
9.2.2 Tumor margin detection
Despite advances in the fields of radio-oncology and chemotherapy, surgery still is
the major battle horse against the disease. Handheld confocal devices may have a
strong impact in the operating room by providing surgeon with an instantaneous,
non-invasive histological assessment of the tumor margin, especially in sites where
preservation of healthy tissue is important for functional or cosmetic reasons.
As a preliminary assessment of SECM's potential for tumor margin detection, a
Mohs surgery sample was imaged with the system and compared with histology (Fig-
ure 9-1)2. In order to cover a larger area and to facilitate correlation with histology, a
mosaic of 400 images taken at a depth of 100 microns was assembled. The histology
section was taken at the same depth, as verified by the group of 5 hair follicles seen at
the top of the images. Strong signal coming from the epithelium, seen at the top of
both sections, contrasts with the moderate signal coming from the dermis, probably
due to the arranged collagen matrix of the healthy tissue. Signal poor areas in this
natural-contrast SECM image are seen at the bottom of the image, but also scattered
in a few sectors. These areas are well correlated with pathological areas seen in the
histology slide and although these results are very preliminary, it is possible that the
destruction of the collagen matrix by the invading lesion provides a natural contrast
(in this case, an absence of signal) for margins detection.
2This work was performed in collaboration with Elena Solomatina, a graduate student in Professor
Anna Yaroslavsky's group, Wellman Center for Photomedicine.
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Figure 9-1: 1 Mohs surgery sample as imaged with histology (A) and SECM (B)
cross-sectional mosaics. Scale bar: 500 microns.
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9.3 Future projects
While an attempt was made in this thesis to cover a broad variety of topics, some
questions remain and possibly more were generated. The burning question regard-
ing the handheld instrument concerns its translation to the clinics. Despite the very
close collaboration between physicists and physicians, the ultimate confirmation of the
technique's potential will come from clinical studies. Many engineering improvements,
ranging from automated z-focusing for depth measurements to different probe geom-
etry should be explored. A very obvious next step will be to combine the wavelength-
swept SECM handheld probe with a wavelength-swept OCT instrument, to provide
simultaneous imaging at high resolution over a small field-of-view and lower resolu-
tion imaging, but spanning a broader field of view, both laterally and in depth. The
conjugation of the two systems is facilitated by their sharing of a common laser and
would provide a very welcome choice of magnification required by pathologists. A
final step toward closing the gap between confocal imaging in vivo and histopathol-
ogy consists in finding contrast mechanisms that would provide specificity. Multiple
markers are available to the biologists for experiments with animal models in vivo,
but most are either toxic or require genetic manipulation, making them ill- suited
for human imaging. Exploration of additional contrast mechanisms, such as birefrin-
gence and autofluorescence, may provide physicians with an extra level of specificity,
the same way polarization sensitive detection schemes did for OCT. Other endoge-
nous contrast mechanisms, such as nonlinear microscopy techniques, are also worth
exploring in terms of suitability for non-invasive clinical imaging.
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